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Foreword

The defendant. Mr. Sietse Los. joined our Interdisciplinary Science seam a,l the end of 1991. At that point we had
a.da.pted the Simple Biosphere (SiB, model to make it suitable for accepting input from satellite data. The uew SiB

model, referred t,o as SiB2. had an unproved photosynthesis model, an improved way t,o handle partial snow cover and

the most importanb paramet.er related to photosynthesis the fraction of photosynthetically active radiation absorbed
by vegetation (FPAR)- eoukl m principle be derived from satelliue data ,Sellers el al. 1996a. 19961)1. The critical

issue 1,o be resolved wa_ to obtain spatially and t,emporally consisten_ fields of biophysical paxamel;ers from satellke
data. We assigned this task t,o the defendant.

'lPhe del>nda.n_ at first, derived two protot, ype datasets. The second of these pro_ot.ype datasets, a one year data.set tbr

1987. was refined and published in Sellers et al. 1.q_)4 and 19961). The defendant's role in this research was to identify

errors m |he satellite derived normalized difl>rence vegetation in<lex (NDVI data (Chapt.ers 2. 3 and 4. Appenclix
C j, develop corrections for the NDVI data (sensor degradation (Appendices A and B j, the Fourier Adjustment. Solar

zemth angle correction. Interpolation and lqeconstruction ,EASIlq.-correcl ions: see appendix DjI and t,he derivation of
biophysical paramet.ers {Appendix D,.

The one-year FASIR-NDVI and biophysical da.tasets _urned out _o be very useful and much of the success of our

l.eam can be a.tlributed 1;o the quality of these data. This is evidenced by several publications on novel aspects of the
g]oba.I carbon cycle using these data that have since appeared _e.g., Denning et al. 1995: (!ia.is el al. 19_05: Sellers et al.

1996c. Field et al. 199.51) and 1996b1. On lhe Sellers el. al. 1996c paper (Chapter 7j, the defendant was a supporting
a.uthor.

Since publication of the Sellers et al. (1994) paper, Mr. Los has taken the lead on developing a nmlti-year FASIR-

NDVI and land surface dat, aset (1982-1990). He developed several new corrections, described in Chapter 5 of this

dissertation, validated algorithms and datasets in Chapter 6, and {ested the sensitivity of the SiB model towards

variations in the satellite data (Chapter 8). The validation and sensitivity analysis showed large improvements in the

way the biosphere was modeled compared to previous stndies and also identified ways in which further improvements
could be made. The research of the defendant in Chapter 9 shows important interannual variation in the satellite-

derived vegetation index that shoukl provide important clues on the spatial a.nd temporal distribution of carbon sources
and sinks.

\¥e believe that the largest progress in the field of climate research is currently made by teams, rather than by

individuals, as was traditionally the case. The interaction among scientists has contributed greatly 1,o the success of

our Interdisciplinairy Science (I DS) team. As such the defendant has benefited greatly Dorn the expertise of our team,

and our team has greatly benefited From several unique and original research contributions produced solely by the
defendant,.

Piers J. Sellers

Johnson Space C,enter

Houston, Texas

Compton 3. Tucker

Goddard Space Flight Center
Gree_belt, Maryland
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monthly NDVI composites. IEEE Trans. GeoSei and R.emote ,5'ens., in press. (Appendix B),

• Los, S.O., C.O. Justice, and C.J. Tucker, 1994, A global 10 by 1° NDVI dataset for climate studies derived from

the GIMMS continental NDVI. Int. J. Remote Sens., 15, 3493-3518. (Appendix C),

• Sellers, p.a., S.O. Los, c.a. Tucker, C.O. ,Justice, D.A. Dazlich, G.J. Collatz, and D.A. Randall, 1996b, A revised

land surface parameterization (SiB-2) for atmospheric GCMs. Part 2: The generation of global fields of terrestrial

biophysical parameters fl'om satellite data. J. Climate, 9,706-737. (Appendix D),

• Sellers, P.J., L. Bounoua, G.J. Colla.tz, D.A. Randall, D.A. Dazlich, S.O. Los, J.A. Berry, I. Fung, C.J. Tucker,

C.B. Field, and T.G. Jensen, 1996c, Comparison of radiative and physiological effects of doubled atmospheric
CO2 on climate. ,5'cience, 271, 1402-1406. (Chapter 8).

Several datasets resulting from the current research were made available by the International Satellite Land Surface

Climatology Project. (ISLSCP) through the Goddard Distributed Active Archive Center (for more information visit
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Chapter 1

Introduction

A strong interest has emerged during tile past decades
in both hun,an induced and natural variations ill tile

global clime.re. Hnman activities potentia.lly leading
to va.riations ill the global climate are increased emis

sious of greenhouse gases COu, NuO, chlorofluorocar-

hens, methane, and tropospheric ozone , the clearing
of large areas of fbrest, s, and desertification (Glantz and

Krenz 1992). At. the same time, large variations of na.tn-
ral origin occurred in the global climate. These variations

occurred at very different time-scales: examples of varia-

tions over time periods in the order of (bur to seven yea.rs
are the E1 Nifio-Southern Oscillation and tile Atlantic Os-

cillation phenomena.; over time-periods in the order of

thousands of years are the alternations of glacials and in-
terglacials; and over time-periods ill the order of ten to

hundred millions of years are periods with and without

these alternations of glacials and intergla.cials. Making
the distinction between natural climate variations occur-

ring at these different time scales and human induced cli-

mate variations is dilficnlt, but it, is necessary in order to

understand the global climate and the climate impact of
human activities.

The global climate has been divided into five ,na-

jor components (Peixoto a.nd Oort 1992): tlle a.tmos-

phere, the hydrosphere (oceans, lakes, and rivers), the

cryosphere (snow and ice), the lithosphere, and th_ hie

sphere. The atmosphere is tile central component of the
climate system. It is highly dynamic and redistributes

large portions of' water, heat, and momentum over the

globe. TIRe oceans, because of their volmne and capac
ity to absorl_ heat, serve as large heat reservoirs that

dampen short-term fluctuations in the global energy ha.l-

ance and regulate the global distribution of temperature.

The cryosphere affects the Earth's energy balance in that
it. reflects high amounts of incoming solar radiation, re-

duces tlle amount of heat a.bsorbed by the Earth sur%ce,
and insulates the maderlying land and oceans. It is im_

portant in a. different aspect, as the largest body of Desh

water on the globe. The lithosphere interacts with the a.t-

mosphere through the transfer of' mass (mainly water va-

por), energy, and momentum and fixes carbon over large
periods of time. Movements in tile lithosphere over time

periods of millions of years explain some of the climate

variations during the geologic past as well as variations in

sea. level on time-scales tile length of millions of years (Van
Straaten 1973). Tile biosphere is most important in its

ability to snstain life, ill regulating the land surface water

and ca.rboiR balance, and JR1its effect on tlle atmospheric

composition thereby indirectly affecting the radiative pro-
cesses in the atmosphere. The direct contribution of the

biosphere to the energy balance is modest compa.red to

the contributio_ls of the oceans and atmosphere.

The climate system is complicated because of interac-
tions between and within its components. A disturbance

of one component can affect another component and ei-

ther enha.nce the initial disturbance (positive %edback)
or dampen it. (negative Dedback). A positive feedback

occurs, for example, if the temperature decreases at high

latitudes. Provided that precipita:tion is suflicient,, the

aerial extent of snow and ice expands, leading to a fnr-
ther reduction of temperature beca.use of an increase in

la.nd surl_.ce a.lbedo a.nd reflected solar radiation and a

decrease in the amount of energy available to heat tire

atmosphere. This process is reversed if t.he amount of
precipitation diminishes because of decreased convection

as a. result of decreased temperatures.
Another example of a feedback between clima.te com-

ponents is the warming of' the eastern equa.torial Pacific

Ocean known as El Nifio. This we.truing of the east-
ern equatorial Pacific Ocean has been associated with

changes in atmospheric circulation, Southern Oscillation,
that in t.urn affect tile oceanic circulations, thus reinforc-

ing tile initial warming. The El Niflo Southern Oscilla-

tion lENSe) is an important climatic phenomena that

has been associated with tile occurrence of droughts in

some areas and torrentia.l rains ill others (Philander 1990,
Glantz st el. 1.991).

1.1 Scope of Current Research

'llb learn more about climate variations and tlle effects

of human induced changes in the el_vironment, the Na-

tional Aeronautics and Sl)ace Administration (NASA)

started the Mission to Planet Earth (MPTE) Earth Ob-
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Remote Sensing

(NOAA-AVHRR)

Figure 1.1: Relationship between biophysical, ecological a_.d

remote sensing compmtents of the Interdisciplinary Biosphere-

Atmosphere Interactions project (Courtesy Dr. P.J. Selh.'rs,

NASA John.son £'pace Center).

serving System (EOS) program. One of the projects

funded by EOS is the Interdisciplinary Science Biosphere-

Atmosphere Interactions project, of which the current

study is part. The objective of the Biosphere-Atmosphere

Interaction sproject is to improve the understanding of

the biophysical and ecological processes governing the ex-

change of energy, wa.ter, carbon, and trace gases between

the land surface biosphere and t,he a.tmosphere. The ul-

timate goal is to model cha.nges in the physica.l climate

system and ca.rbon cycle over l.he next 50 t,o 100 years

in response to changes in atmospheric composition and

landuse. The Biosphere-Atmosphere lntera.ctions project

covers both short-term interactions between the land bio-

sphere and the atmosphere, studied wil, h an a.tmospheric

general circulation model coupled to a biosphere model,

and long-term (ecology) interactions, studied with a car-

bon allocation model (figure 1.1). These two processes

overlap in the areas of prima.ry production (photosyn-

thesis) and wa.ter exchange (transpiration). Vegetat, ion

data.sets derived from remote sensing directly feed into

/,hese models, and in addition provide observational evi-

dence for climate-vegeta.t, ion interactions.

This dissertation deals with observational aspects of

the la.nd surface biosphere component of the climate sys-

tem. Traditiona.lly, data on the land surface biosphere

have been sparse and have not been collected with the

same frequency and spatial coverage as other climate

data, e.g., rainfall and temperature data. The lack of

availa.ble data on the land surface biosphere is potentially

a serious limitation to the s{,udy of the biosphere as a

component, of the global climate. _l\/ study the linkages

between the biosphere and the global climate with mod-

els and fl'om observa.tions, a vegetation dataset was com-

piled fl'om measurements collected by the Advanced Very

High Resohition t{adiometer (AVHI:Uq.) aboard the Na-

tional Oceanographic and Atmospheric Administration

(NOAA) polar orbiting satellite.

Several methods have been developed to ol)ta.in esti-

ma.tes of the biosphere from satellite ol)serva.tions. These

methods are based on the unique spectral behavior of veg-

etation, i.e., vigorous vegetation, in particular leaf mate-

rial, strongly absorbs radiation in the visible, and strongly

reflect, s radiation in the nea.r-i_ffrared parts of the solar

sped.rum. Over the past two deca.des observations in

these spectral bands

orbiting satellites (br

vations it is possible

temporal and spatia.1

have become available fl'om polar

the entire glob< With these obser-

to obtain realistic estimates of the

variability of vegel:a.t, ion with suf-

ficient resolution tbr regional and global studies of the

biosphere. These satellite data. are therefore all attrac-

1,ive means t.o estimate biospheric parameters for use in

general circulat.iotl models of the atmosphere and to ana-

lyze im.era.ctious between the biosphere and variations in

the global climate, e.g., t,emperature and precipitation.

The observa{,ion of the land surfa.ce from space is

not withoat, problems. Sources of inconsistencies in the

measurements include a. lack of intercalibration of the

AVHIUq.s on successive NOAA platforms, clouds obscur-

ing a subs/;antial part of the Earth from the satellite sen-

sor at any given time, a.nd a.t.mospheric constituents ab-

sorbing and sca.ttering the incoming solar radiation and

radiation reflected by the Earth surface. 'fo ensure data

consistency, both in space a.nd time, a large part of/.his

dissertation is devoted to the correction of the satellite

d at, a.

To assess the effect of the biosphere on the globa.1 eli-

mate, several experiments were conducted with a gen-

eral circulation model of the atmosphere. The land sur-

face vegetation boundary conditions for these experimeuts

were derived ti'om the corrected sat.ellite observations. In

one set, of experiments the sensitivity of fluxes between

the Earth surface and the atmosphere to changes in veg-

etation was estimated. In another set. of experiments the

effect of the biosphere on land surface temperature was

estimated raider a doubling of atmospheric ca.rbon dioxide

from current conditiol_s.

The satellite-derived vegetation data were also used to

detect linka.ges between observed intera.nnua/ variations

in vegetation and in the global climate, in this case pre-

cipit.a.tiou, land surface air temperature, and sea. surface

tenq)erature. The results have important implica.tions for

the gl(/bal carbon balance.

Qualitative aspects of vegetation change, for example,

eha.nges in species composit, ion or changes in ecosystems

as a result of changes in climate, were not studied.
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1.2 Organization

This dissertation is <'omposed of 1,we pa.rl.s. The first pa.rt

is the main body of" text th a.t, provides a templet e overvww

of th cnrrem, research. It is a compila.tion of ea.rlier pub-

lish(d research, researclq that has since been ul_da.ted and

new research. The second )ar_ is a.n appendix consist-

ing of a.rlic]es published in the peer-rmqewe( literature.

These articles provide ba.ckground int'orlnatiolr at a. higher

level of deta.i] than the main t,ex_. There is sou/e repetition

of material discussed in the a.ppendices and iu some cases

pa.rt, s of the research have b_ en updated since publica.tion.

Heferences of these updates a.re given in tlre ma.iu text..

The main pa.rt, of this disserlation is. besides the curren!

chapter, organized in nine ch a.pt, ers. (!hapt.ers 2. 3. and 4

axe for" the main part, based on a review of the literature

and serve as ba.ckground material tbr the remainder of the

currem dissertation. The a.uthor was involved in various

pa.rt, s of the resea.rch presented in this review 1see Appen-

dices A. B. and (7',. Chapters 5, 6, 7. a.nd .% discuss new

research in which the a.uthor had a leading role. ('.hapler

8 present.s research in which the a.uthor had a supporting

role. This chapler is added to illustrate the usefuluess of

the da.tasets described in Chapler 5 tbr the study of cli-

mate and to provide iusight iuto some of the responses of

vegeta.tion under doubling of atmospheric (:O._,.

Chapter 2 provides a.n overview of vegetation monitor

ing with data from the NOAA a.dvanced very high

resolution radiometer (AVHI{R). This overview in-

cludes a. discussion of model studies, field measure-

ments and satellite observations to justify vegeta.-

tion monitoring with these data.. Hesea.rch on desert

margin studies is presented to discuss several a.s-

pects of' clima.te-rela.ted intera.nnual va.riations in

satellite-observed vegetation greenness.

Chapter 3 discusses the limitations of vegetation mon-

itoring with A\/HHB. da.ta as reported in the liter-

ature. Amongst these limita.tions are the effects of

orbita.1 drift, and sensor degra.da.tion, and the impa.ct

of clouds, a.tmosphere, land surthce bidirectiona.1 re-

flectance, tol)ography , a.nd soil ba.ckground.

Chapter 4 discusses processing of N()AA-AVHRH da.ta

by the Globa.1 Inventory Monil.oring a.nd Modeling

System (GIMMS) group into a. global Normalized

Difl_rence Vegeta.tion Index (NDVI) da.ta.set. Pro

cessing of the data is discussed iu terms of its effec-

tiveness in dea.ling with the interferences mentioned

ir_ Chapter 3.

Chapter 5 consists of three sections: the first section

deals with the correction of the (IIMMS NDV[ da.ta

for sensor degradation, volcanic aerosols, outliers in

time-series, sola.r zenith a.ngle effects, interpolation

1.2. OI_GANIZATION

of nussina data., a.nd correction flu" severe cloud cou-

t,a.l_fina.tiou in tropical tbrests. In the second section

a landcover classifica.tion based on AVH RR, NDVI

t.ime-sertes is discussed that is used to derive biome

clepe_denl correclions and to assign biolne depen-

denl biophysica.1 properlies. The third sect, ion dea.ls

wit]l the estimation of global biophysical parameters

leaf area index a.ud fl'a.ction of photosynthetica.lly

a.ctive radia.tion absorbed by vegeta.tion fl'om the

corrected NDVI data and lhe landcover classifica.-

don.

Chapter 6 deals with the unique problems of va.l-

ida.ting the global biophysica.1 pa.rameter fields.

The lclalionshipsbetween lhe biophysical parame-

ters and NDVI a.re validated with da.ta, t)'om the

Firsl IS LSCP t Field Experimenl (FIFE), the Boreal

Ecosysl em-A tmosph ere Study (Be REA S), a.nd the

Oregon Transect Ecosyslem Research (OTTER) re-

mole sensing experiments. The global biophysical

parameter,s, leaf a.rea index, a.nd fl'a.ction of pho-

t.osynt.heti::a.lly active radiation absorbed by vege-

tation, are valida.ted by compa.ring global fields of

a.lbedo derived from these biophysical parameters

with observations front the Earth l_adialiou Bud-

get Experiment (ERBE) ills[rument.

Chapter 7 discusses the sensitivity of" the energy, wa.ter,

a.nd ca.rbon ha.lances to changes in observed vegeta-

tion greetmess in a genera.I circulation model of the

at_uosphere.

Chapter 8 deals with the effect of doubling the concen-

tra.tion of ca.rbon dioxide on the global climate. ']'he

contributions to globa.1 wa.rming due to the a.t,mo-

sphere (through radia.tive processes) and due to the

biosphere (through chaalges in the photosynthesis)

are estima.ted.

Chapter 9 discusses associations between observed veg-

eta.tion, precipitation, air surface temperature and

sea. surface tempera.ture a.nd the implica.tions of

these associations Ibr the global ca.rbo, ba.laawe.

Chapter 10 highlights the most import.ant findings of

this study a.nd evaluates their importa,nce Ibr cli-

ma.te research (with a. summa.ry in Dutch).

The appendices provide ba.ckground infbrmation on

da.ta, processing, correction {br sensor degra.da.tion a.nd

several of the a.djustments briefly discussed in Chapters 4

a.nd 5. q_'hey are ba.sed on a.rticles published in the peer

reviewed litera.ture.

IISLSCP: Illternational Satellite Land Surface Climatology
Project
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Appendix A discusses a.n a.pproxima.te correction of

NDVI da,ta. /br sensor degra.dation in the NOAA-

A\"IIRI_ wit, houl, recourse to the colnpollenl, cha.n-
nels 1 and 2 data,.

Appendix B uses l,he technique developed in Appendix
A t,o deriw_ calibra.i:ion coeI[icients ['rOlll desert ar-
eas.

Appendix C discusses processing of the GIMMS N I)VI

data.set, several scaling issues of importa.nce 1;o the

coa.rsc resolutions used in ge_leral circulation models

of the atmosphere, a.nd differences in spa.l:ial and
temporal informa./,ion.

Appendix D describes the derivation of land surface

dat.asel,s for the Simple Biosphere model t.hat is cot>

pied to t,he C,olorado Sta.te [Tniversit,y General Cir-

cula.tion Model of the a.tmosphe|'e. A brief descrip-

tion of pa.rts of l,he Simple Biosphere model is given
to expla.in l;he links with l,he land surface dat.a.set.s.

Since the time of publica.tion o1"this a.rticle, the bio-

physical lalld surfa.ce datasets ha.ve been revised as

discussed i_l Chapter 5.

4
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Chapter 2

Vegetation
Data

Monitoring With AVHRR

An overview is provided of monitoring of land surfa.ee

vegeta.tion at. continental and global scales with data (701-

lected by the Advanced Very High I_esolution lqadiome-
ter (AVHlq.lq.) on boaL:d the National Oceanic and Atmo-

spheric Administration (NOAA) series of Polar orbiting
Operationa.1 Enviromnental Satellites (POES; see Kidwel]
19%). Several early field studies are discussed to show

empirical relationships between NOAA-AVHRI_. observa-

tions and the amount of land surface vegeta.tion. An

overview of model studies is included to provide physi-

cal evidence for these empirical relationships. Also dis-

cussed is a study on in/.erannual va.riations in vegetation

ia sub-Sahara.n Africa to illustrate the relationships be-
tween variations in rainfall and vegetation and to illus

tra.te that these variations ill vegetation can be captured
by NOAA-AVHR1R data..

2.1 Introduction

The parameter used most Dequently for vegetation mon-
itoring with NOAA-AVItlq.H. data is the Normalized Dif

fereuce Vegetation index (NDVI), which is derived from
the visible and near-infrared channels:

NDVl - p" - ;_' (2.1)
P. + p_.,•

where p, is the retlectance measured ill the visible chan-

nel, and p, is the rellectance measured in the near-

infrared channel. TILe AVHI{R collects data. over the en-

tire globe at 4 km resolution twice daily, once during day-
time, and once during nighttime. TMs frequent global

(:overage makes AVHIq.R data suitable for applications

that require high temporal resolution and (:overage over
large areas. Applications based on AVItlq.I{. data. ca.n be

seen as one end of a continuum, with applications based

on high spatial resolution data from Landsa, t, SPO'I q,

and aerial photography thai. are I.ypi(;ally acquired only

Satellite pour l'Observation de la 7'crre

a few times a. year on the other end. The high temporal

resolution and spatially continuous coverage over large
areas provided by AVI[RIT{. data. have been exploited for

various applications, e.g., the comparison of vegetation

density between years, monitoring of snow ("over extent,

and observation of weather systems and cloud patterns

(Kidwel] 1995, G urney et a1.1993, '>taker 1996).

Figure 2.1 shows global monthly mean N DVI fields for

January (figure 2.1.a) and July (figure 2.1.b) aggregated

to 1° by 1° resolution a.nd averaged over tim period 1982-

19.00 (Los ctal. 19.94, Sellers et al. 1.9961), a.ppendiees C

and D). The January image (figure 2.1.a) has high NDVI

va.lues in the Southern Itemisphere indicating dense green
vegetation, and low NDVI values ill the Northern Hemi-

sphere indica.ti_g either dormant or no vegetation. 'rile
July image (figure 2.1.b) shows high NDVI va.hms for most

of tile Northern Hemisphere with the exception of desert

areas. The decrease in NDVI \,alues between Ja.nuary and
July in the Southern Hemisphere is smaller than the in-

crease in NDVI values in the Northern llemisphere for

these months, reflecting a. smaller seasonality of vegeta.-
tion in the Southern Hemisphere. The data show various

other interesting features. For example, the overall dif-
ference in NDVI between the Sahara. a_(l the Austra.lian

deserts is caused by differences ill vegetation density. The

Saha.ra is tbr the most part barren, whereas the vegeta-

tion (:over in the Australian deserts is rarely below 10 %

(AUSLIG 19.90). Several areas with higher NDVI values

in winter than in summer a.re fOulLd in California., south-
ern Portugal, southern Spain, at_d southern Asia.. These

areas have climates with moderate to high temperatures
throughout the year and receive most of their rainfall dur-
ing winter.

AVHH.R observations have been used for various a.p-
plieations such as crop yield modeling (Gray and Me-

Cary 11981, Greegor and Norwine 1981, S(:hneider et al.

1.981, Townshend and Tucker 1981, Duggin el al. 1982,
Ormsby 1982, Tucker et al. 1981, 198:I, 1984, 198db, Jus-

tice 1986, Prince and Just, ice 19.91, Yates el al. 1984),
vegetation monitoring for famine early wa.rning systems
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Figure 2.1: Global i ° by 1° monthly meant normalized difference: vegetation indez (I_rDlT).fo," 1982 1990. The hvo ligh&,st shades

of grey indicate rnissi,_ 9 dc_tc_,.fo," the most purt oc'c'_tr,'ing i_t the Norther,_ Hemisphere duri,_.g u,i,_ter, cmd ocecms. ,'espectively.
(top) Global 1 ° by 1 ° n,eun for .]ct,,ttct,_l, (botto,n) (;Iobc, l 1 ° by 1° nzecm for .]My. (For a color ver.sio,, see' figure E.1)

(Hielkema 1990, lfutchinson 1991), detection of vegeta.-

tion conditions favora.ble for locust breeding (Hielkema et

al. 1986), la.ndcover cla.ssifica.tion ['or large areas (Tucker
et al. 1985a., Loveland (t al. 1991, DeFries a.nd Town-

shend 1994), study of relationshil)s between rainfall and

vegeta.tion growth (Nicholson (:* al. 1990), monitoring

of desert expa.nsion a.nd contra.ction (Tucker _t al. 1991,

1994), and, in synergy with pa.ssive microwave observa-

tions from the Nimbus Scanning Multicha.nnel Microwave

R.a.diometer (SMMR.), for soil moisture monitoring in

semi-a.rid regions (Owe a.nd Va.n de Griend 1990, Va.n
de Griend and Owe 199_1). NDVI data were also used

to estimate the globa.1 net primary production of vegeta-

tion (Potter ct al. 1993, Field ctal. 1995b) a.nd to study
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th( effeel, s of intera.imua.1 climatic variations in sea surface

l,emperature a.nd precipil.a.tion on vegetation (Myneui el

al. 1995 Aaya.uiba and Easlwood 1996). lqe('eJill3, , bio-
physical pa.ra.mewrs derived fronl NDVI data were used

1,oprovide botmdary conditions in a. biosphere model cou-

pled to a. General (lireulalion Model of the a.tluosphere For

the cah:ula.tion of lhe waler, ('a.rbon, and energy exchange

belween the land surface vegetation and tile almosphere
_gos el al. 1994. Sellers el al. 19.96a,I),c, I{a.n(lall <l al.

]996. Appendi('es (: a.nd D).

2.2 The NOAA-AVHRR

The first AVHRR was mounted on boa.rd the polar or-
biting ']>levis]on and Infral{ed Observational Satellite

(Tlfl.OS-N) launched in 1978. This AVIIRR was designed
to collect data for meteorok)gical apl)licatious over the

entire globe, e.g., data on clouds, snow cover, wind di-

rection, a.nd sea sul:fa.ce temperature (Kidwell 1995). In
its initial design, the AVHI{R was equipped with fbur

channels: channel 1 (red go near infrared) collected da.ta

in a spectral ba.nd from 0.55-0.90 fmi, channel 2 (near

infrared) from 0.7.'I-1.11 tim, channel 3 (mid-infrared) fron_

3.5-3.9 tin1 and elm|reel 4 (thermaJ infra.red) from 10.5-
11.5 #m. For the NOAA missions tha.t [bllowed the

TIROS-N mission, AVHRR channel 1 was confined to

the 0.55 - 0.70 #m spectra.l baud. This redesign of the

AVIIRF{, reDrred to as AVHlq[}/I, a,llowed more accu-

ra.te determina.tion of snow cover extent (S(:hneider el al.
1981). Confining cbaimel 1 to the red part of the solar

spectrum a.lso had importaut implications for vegetation

monitoring. The availability of t,wo bands in parts of the
solar spectrmn where healthy green lea w_s have a distinct

spectral behavior, i.e., strong absorl)tiou in the red a.nd

strong scattering in the infl'a.red, allowed too,]toting of
vegetal.ion (section 2.4).

Sta.rting with NOAA-7, a fifth cha.nnel (11.5-12.5 tm_)
was added to the AVHRlqs on boa.rd l.he odd numbered

NOAA pla.tfbnns. This 5 chanuel AVHRlq. is referred t.o

as AVHRR/2. The even numbered NOAA pla.tforms were

equipped with the AVH RR/2 starting with NOAA-12.

The NOAA satellites revolve the Earth in a near pola.r
sun-synchronous orbit with a period of about 102 minutes.

The missions of ].he NOAA satellites a.re divided in morn-

ing (A M) missions and afternoon (PM) missions (l£idwell

1995). The AM missions, NOAA-6, NOAA 8, NOAA 10,

and NOAA-12, passed the equa.tor in descending (North
to South) node a.t loca.1 crossing times of a.round 7:30

AM directly aB:er la.unch. 'l'he PM platforms, TIt_OS-N,
NOAA-7, -9, -11, and -ld passed the equator in ascelld-

ing (South go North) node a.t loca.1 crossing times between

13:30 to 14::30 PM directly after la.unch. The equa.torial
crossing time of the PM plaJ.forms, however, drifts a.bout

20 to 40 minutes per yea.r to la.ter times of the da.y (Price

1991). The sca.n a.ngle of the AVIIRR is approximately
550 and the swa.th width is about 2800 kni.

The AVIIRR collects dat, a with a spatial resolution of

1.1 km at nadir. This resolution increases signifi('a.ntly
with larger viewing a.ngles. Da.ta at the 1.1 km resolu-

tion exist in two formaJ,s: High Resolution Picture Trans-

mission (HI{P']') format and Loca.l Area. (:overage (LAC)
forum.t. HRPT da.t.a, are continuously transmitted go the

ground a.nd ca.u be received l)y a station provided one is
in the tra.nsmission range of the satellite. L'\C da.ta, ca.n

be recorded on an onboard ta.pe by special request a.nd a.t

a lager stage I)e transmitted to a. ground slat]oiL Because
of the arrangements t,ha.t need to be made to obtain 1.1

km data, either through NOAA or through a local ground
receiving station, the historic record of 1.1 km data is far

from complete and has large gaps both in space and time.

Ef[brts were made by NOAA, the United States Geologi-

cal S_lrvey (I,TSGS), the Na.tiona.] Aerona.ut.ics a.nd Space

Administration (NASA), the Europea.n Spa.ee Agency and

individual receiving stations to obtain a. complete global

record for several yea.rs of observation (Eidenshink and
Faundeeu 1994).

The 1.1 km da.ta a.re resampled on board to a 4 km res-
olution by a.vera.ging tile first 4 pixels of the firs/, line out

of a. 5 pixel by fi line window. The ,i km da.ta, a.re a.va.ila.I)le

['or the entire globe in globa.1 area covera.ge (GAC) tbrmat

at, da.ily intervals since August 1981, with only very few
interruptions of the record. GAC data fl'om the afternoon

platforms are the inost generally used for vegeta.tiou mon-
itoring.

The launch of a new series of NOAA satellites with

redesigned instrm nents is pla.nned sometime during 1998
(Ma.ndt et al. 1996). The AVItRI{ on boa.rd this new

series is reDrred t.o as AVHRIq/a. A ,ear infrared channel
at 1.6 tim, channel 3A, will be added go the AVHHR that

will operate during the daylight overpass of the satellite.

The cham>l 3 on the A\;IIlqR/2 will continue as cha.nnel

3B on .\VfllqR/3, and will opera.re during the nighttime

overpass. The sola.r chamlels (1, 2, a.nd IA) will have

"split gains" tha.t require two ca.libra.tion equa.tions per
cha.nnel, instea.d of the one equation used for the channels

on the current AVHlqI{/2. This change is implemented to

increase the sensitivity of t.he sensor at low light levels a.nd

go improw-_ ice, snow, a.nd aerosol detection. It, is possible

that as a result of the revised design, incompatibilities

will exist betweell da.ta collected by the AVHlq.I_/2 a.nd
the AVHRR/?, instruments.

The NOAA sa.tellites are eq_fipped with various other

instruments I)esides the AVIIRI{ such as the TIROS Op-

erationa.l vertical sounder (TOVS) instruments a.nd the

Solar I}a.ckscatter ultra-violet (SBUV) instrument. These
instrulnents are used for applications such as cloud detec-

t,ion, estima.tion of a.l;mospheric precipita.ble wa.ter, sea.

surt?_ce teml)era.tures ' windspeed, outgoing longwa.ve ra-
dia.tion, a.nd a.tmospheric ozone concentration. These in-
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struments a.nd the da, tasets derived from them ate not

discussed ill this cha.pter, l'2xamples of applications with

da.ta collected by these instruments are given in Gurney
ct a/. (15)93).

2.3 History

Use of NOAA-AVHRI_ data. for vegetation monitoring be-

gan in the early eighties (a. selection of early papers is ref-
erenced by Tucker 199(5). 'fhe potential of AVHI_.R data.

for vegeta.tiou _nonitoring was indicated by '['ucker and

co-workers (Tucker et al. 1981). They concluded that,

at. that time, the AVIIlqI{ was the only sensor system in

operation suitable to estima4e w_geta.tion prinm.ry produc-

tion from spa.ce with a. veget.a.tion index a.pproa.ch. They

also stated that the AVHI{R. had severa.1 shortcomir, gs
Stlch a.s a. la.rge field of' view and a. broa.d spectra.1 band
width of eha.mMs 1 and 2. The time of satellite over-

pa.ss was thought either to() ea.rly in the morning (7:30 for

NOAA-6) or too late in the a.fternoon (14:30 for NOAA-7)
because of cloud build-up.

The immediate motivation for Tucker a.nd co-workers

to start using AVHRI_. da.ta was a. predicted imminent

failure of La.ndsa.t ,,')because of long overdue replacement
by Landsat 4 (Tucker 1996). A study was initiated to

estimate crop production in the Nile delta, with NOAA-

AVHHR data. aald thus determine the potentia.l of the in-

strument fbr vegetation monitoring (Tucker e't al. 1984).
Seasonal sums of NDVI were ea.lcnlated f'rom cloud fl'ee

1.1 km AVHI{.R. data. and compa.red with annually a.ccn-

mulated aboveground biomass a.nd crop yield. 'I'l_e rela.-

tionships between these va.ria.bles were similar to relation-

ships found in ea.rlier studies where the vegetal.ion index
wa.s determined from ground studies with ha.nd-he[d ra.-

diometers (Tucker 1979, figure 2.2). The Nile-delta study

was repeated for Senegal with NOAA-7 da.ta. (Tucker et
al. 1983, 1985b) and for other parts of the Sahel with

similar results (Justice 198tL Prince and Justice 1991 ).

During the first, year of the Senegal study Tucker a.nd
co-workers were tbrtunate that most of' the AVHI_R da.ta

were cloud free (Tucker el aL 1983). This was not the

case for the second yea," of the Senegal study. To obta.in
spa.tia.lly continuous fields of NDVI data., several tech

niqnes were investigated to fill in missing data. a.s a. result

of cloud screening and to minhnize the effects of the a.t-

mosphere a.nd bidirectional reflecta.nce properties of the
surfa.ce (I,_imes et al. 1984, Holbeu lt)86), it wa.s decided

to form 10-da.y or monthly NDVI composites by selecting

the ma.xinnlm NDVI for each picture elelneut (pixel) over

the period considered. This ma.ximum va.lue compositing

technique wa.s implemented by the global inve_tory, mod-
eling, aald monitoring system ((dMMS) group to process

AVItR.R. da.ta i_lto 10-day NDVI conlposites of Africa in

near tea.l-time. These composites were, amongst other
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Figure 2.2: ,C_'eosonally summ.ed normalized difference, vege-

totion inde:t: (sum of NDV] values over the g_vwing se_lson)
ver._us aeeumulated above'ground biomass for .sites in ,5'ene-
9ol, Mall, and Niger (Uourte.sy Dr. ,5'.1). Prince, Univcr-

.sity of Maryland at Colh'ge Fark, and Dr. C.J. Tucker,
NA SA/Goddard ,5'pace Plight Center).

applica.tions, used by the United Na.tions Food and Agri-
cultura.10rga.niza.tion (FAO) for fa.mine early warning and
desert locust detection (Hie/kema 1990).

In 1983, NOAA. sta.rted processing the Global Vegeta.-

lion Index (GVI) da.taset (Tarp/ey e't al. 1984). The avail-

ability of the GVI a.nd GIMMS-NI)V1 da.ta.sets prompted
a host of new resea.reh on the spa.tial distribution and

tempera.1 dynamics of vegetation over large areas. For ex-

ample, Tucker et al. (1985a) obtained a. la.nclcover classi-

fication of Aft',ca. from NOAA-AVI:IR.H. data. based on the

phenology (seasona.lity) of vegetation, Gowa.rd a.nd Dye
(1987) studied net primary production in North Amer-

ica, Malingrea.u et al. (1985) used AVHR.I_. derived NDVI
and brightness tempera.ture data. to detect tbrest fires in

southeast Asia during the 1982 I!;l Nif_o drought, Mal-
ingreau and Tucker (1988) investigated detbresta.l;ion in

South America, and Tucker et al. (1986a) studied the
relationship between the annual cycles of NDVI a.nd the

seasona.l drawdown of a.tmospheric (1:O2 by veget.a.tion.
When multi-yea.r NOAA-AVHlq.lq. datasets became

available, several shortcomings were noticed. These short-

comings are caused by cha.nges in the sensitivity of the vis-

ible and infi'ared sensors (Price 1987, Holbe_, et al. 1990),
scattering and absorption by atmospheric constituents,

soil background effects, cloud col_taminatio,_, a.nd errors

in navigation of the sa.tellite. In particular, the cba.nge
in the data. receiving protocol Dora one NOAA plat:form
to the next revealed la.rge discontinuities in the AVHlq,R

data. Several techniques were developed to a.ccount for

these inconsistencies. Sensor degradation and instru-

ment cali l)ration were estimated fron_ sta.tistica.1 a.na.lysis
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of global data. (Brest and Rossow 1992); from ca.librated

sensors /lowa on a.ircraft over invariant desert targets at

the same time a.s the satellite overpass (Smilh eZ el. 1988,

Abel st el. 19939; from yea.rqo-yea.r eha.nges over desert

I,a.rget,s fS_.a.ylor 1990, I(a.u['ma._l a.nd Holben 15193, Los
199d Los 1998, Appendices A a.nd .139; a.nd t?om ocea.n

glint, cloud tops, and radiative properties of the atmo-

sphere .Vermote and Kanfma.n 1.9959.

Improved algorithms fbr the naviga.tion of imagery
from NOAA satellite were developed using more aecu-

ral, e orbital models (lqosborough et el. 19941). Correc-

tions were developed for a.tmospherie effects (Holben et
el. t991. 1992, Stuffier e/, el. 1991., Justice U, el. ]991a,

_i'anr6 el el. 1992), cloud eomamination (Eck and Kalb

1.991 Slowe et el. 1991, Gu|man e'/. el. 19949, depen-

dence of surfa.ce refleeta.nce on viewing and solar a.ngles
(Roujean et al. 1992, Privette et el. 19959, and reflection

[Yore soil ba.ekground (Qi et el. 1.9949. The implement>

tion of some of these corrections is straightforwa.rd, others
require data. fl'om additional sources tha.t cannot be o1>

tained with sufficient accuracy (Chapter 3).

With the availability of longer, multi-year NOAA-

AVHRR da.ta records, it beta.me possible to study the

effects of interannua.l variations in clima.te on vegetation.

One example is lhe E1 Nifio phenomenon- a warming of
the eastern equa_oria.1 Pa.cific Ocean that has been asso-

ciated with disruptions in convection patterns over large

areas around the globe leading It changes in ra.infall dis-

tribution and drought occurrences. Myneni el el. (1995)

studied the occurrence of anoma.lies in NDV1 during a.n

E1 Nifio for South America and Austra.lia; a.nd Anyamba.
and Eastman (19969 f()und evidence tbr E1 Niflo related
NDVI anomalies in Africa.

To improve modeling of the excha.nge of water, energy,
and momentum belween the terrestrial biosphere a.nd the

lower aimospheric bounda.ry layer, Dickinson (198,:I) de-
veloped tile Biosphere Atmosphere Transmission Scheme

(BATS) for climate studies with general circula, tion mod-

els of the a.tmosphere (GCMs) and Sellers et el. (19869

developed ill pa.rallel the Simple Biosphere (SiB) model.
These models described the wa.ter, energy, and momen-

tum fluxes as interdependent processes regulated by the

vegetation instead of independent processes a.s was pre-
viously done in "bucket" models (Budyko 1974). In an

upda.ted version of SiB, referred to as SiB2, improved pho-
tosynthesis a.nd stomatal conduc|ance models (Colla.tz et

al. 1991, 1992) a.nd an improved canopy model (Sellers

el al. 1992) were implemented (Sellers et aL 1996a). In
SiB2 biophysical paramelers were estimat.ed h'om NOA A-

AVHRR NDVI data (Los et al. 199d, Sellers e-/,al. 1!.996199,
which led loa more rea.listic spa.tial and temporal distri-

bution of vegetation compa.red to lhe previous version of

SiB (Sellers et aL 1996b, Fla.ndall el al. 1996, Appendix

D), a.nd a.llowed modeling of carbon exchange between
the atmosphere a.nd biosphere (Sellers el al. 1996c, Den-

BETWEEN NDVI AND BIOPHYb'ICAL PARAMETERS

ning et al. 1995, Chapter 8). The SiB2-GCM driven by
satellite derived biophysical parameters will aid our un-

derstanding of tile globa.1 ca.rbon cycle and the effects of

increasing atmospheric C,O2 on the globe.1 clima.te (Sell-

ers et el. 1996a., b, c, Ra.nda.I1 et el. 1996, Denning et al.

1995), the interactions between vegeta.tion a.nd climate,
and the role of vegeta.tion a.s a net terrestrial ca.rbon sink

(Ta.ns et el. 1990, Keeling el al. 1995).

2.4 Relationships Between NDVI

and Biophysical Parameters

The results of the initial AVIIRl{,-ba.sed vegeta.tion

studies were ba.sed on empirical relationships bel, ween

NDVI a.nd biophysical pa.ra.meters such as above-ground
bioma.ss, leaf area index, and f?action of vege{,a.tion cover.

Physically-based models a.nd field mea.surements of light

transport in a. vegeta.tion ca.nopy revea.led similar rela-

tionships and thus provided a. physiea.1 expla,na.tion for
the correlations between biomass a.nd AVIIRR observa-

tions (Kmnar ancl Monteith 1982, Da.ughtry et al. 1983,
Asrar et aL 1984, 1985, 1986, Sellers 1985, Tucker and
Sellers 19869.

Underlying the relationships between NDVI and va.ri-

ous biophysica.1 pa.ra.meters such as biomass and lea.f area.

index are the unique reflective properties of green leaves.
Figure 2.3 shows the reflecta.nce as a funct, ioll of wave-

length tbr a gra.ss (solid line) a.nd a. soil (dotted line). The
leaves stro,_gly absorb sola.r radia.tion in the visible band

between 0.4 and 0.7 ¢m_ a.nd a.t the same time strongly
refect in the near-infra.red between 0.7 and 1.3 t*,n. Be-

cause of the strong absorption in the spectral region fl'om
0.,I to 0.7 Ftm, the ra.dia.tion in this band is referred to

a.s Photosynthetically Active Radiation or PAR. 'Pile ab-

sorption of PAR within tile leaves is for the most pa.rt

ca.used by the leaf pigments chlorophyll a, chlorophyll b,

and ca.rotenoids (Sa.lisbury and Ross 19(599. The reflection
by lea.yes of r_ea.r-infrared radia.{,ion is due to differences in

refractive indices between intercelhfla.r spa.ces, hydrated
cells and the irregular fa.cets of cell exteriors, a.nd to a.

smaller extent by leaf ma.terial smaller than 1 #m, (Gates
el, al. 19(55).

Compared to the reflecta.nce of leaves, tile reflectance

of the soil ill tile infra.red is only moderately higher than

the reflectaln:e ill tile visible. Although leaf spectra vary,
the large diff>rei_ces between red a.nd infrared reflectance

occur fbr a.ll photosynthetically a.etive lea.yes a.nd this a.1-

lows us to distinguish leaves from other remotely sensed
objects such as water, soils, a.nd clouds. Besides the lea.f

and soil spectra, figure 2.3 also shows the band widths

of AVHRH channels 1 a.nd 2. Channel 1 coincides with

a. spectral region of ma.ximum leaf absorption (red) and
cha.nnel 2 with a spectral regiou of" ma.ximum leaf re-

flecta.nce (nea.r-int?ared).
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Figure 2.3: Plot el le.I reflectance ¢contimwus line, and soil

reflectance' {dotted lin_ , as a .I)mction of wavcl_ nglh, tl_ mr. Th, c

bars indicate the spe'ch'a] bandwidths el NOAA-A VHRR cha,-

nels 1 and 2. AiHHI? channel I collects data from , spectral

reqzon where healthg leev_ s stronglg absorb sola_ radiation _re'-

flectonce i.s small), and ch.annel 2 colhcts (Into b'om a sp(ctral

window whe're h'ovc_ sh'ongly r_fle'ct ._'olal radiatio. ¢ob._orp-
tie. is low/.

The NDVI is a. fimction of the difference between

cha.nuel 2 and channel l reflecl, a.nee _equatioa 2.11 a.nd

is therefore a measure of the sh)pe aronnd 0.7 #m indica-

tive of photosynl, hel.iea]ly active leaves. Several a.ut,hors

ha.re invesliga.ted the relationship between I.he fl'a.ction

of photosynlhe|ically active radiation (FPAFI, a.bsorbed

by vegeta|ion and NDVI or fl|nctio mll_ equivalent veg
et.aCion indices: H_qll el al. f19901 found a near linear

relationship 1oelween FPAR a.nd spectra.1 vegetation in-

dices for clumped vege[,ation; Asrar el al. (1992) found

tha.t while the relal ionship between >PAR and NI)VI was

fairly indepenclenl of model formulation, the rela.iionship

between leaf a.rea, index (LA I) and NDVI did cha.nge 10e-

tween models of various degrees of complexity; a.nd Sellers

el al. (1992a) showed tha.t relalionships between NDVI

and |oral leaf a.rea, index (green and dead leaves loins

I)ra.nches a.nd stems) wiry widely between v%eta.tion mar

phologies but that the reh_.t, ionships between vegelation

indices, FPAR, photosynthesis, and a.lbedo a.re more con-

sisteni,. Moreover, Sellers el al. (1992a) posited that 10e-

cause the relationships NDVI --+ FPAR--+ photosynthesis

were approxima.tely linea.r, they shouhl be la.rgely st:ale-

inva.ria.nt. These relationships a.pply lo the live green ma.-

terial in the canol)y , rather tha.r_ the tota.1 (of'live a.nd dead

leaves and woody biomass. The NDVI has been a.ssoci-

a.ted with other 1)ara.meters related to vegetation such as

transl)ira.tion (Box el a[..1989), COe fluxes bel.ween the

atmosphere a.ud the la.nd surface (Tucker et al. 1986a,

Fnng ctal. 1.987), NoI Primary Production of vege|alion

(NPP, see Goward a.nd Dye 1987, Prince 1991, Poller el

al. 1.99::I), ntoisl.ure a.vailal)ility to plants (Nicholson (t

al. 1.990; figure 2.4), and biomass a.ccumulaled over the

growing season ,5Fucker el el. 1984: figure 2.2).

2.5 Desert Margin Studies

A st, ro_,g rela, tionship 1)eiween cha.nges in vegetation and

ehang(-,s in climate was first pro/)osed as an impor{,a.nt

ulechauisn/ lbr desertifieatiou. The t,erm desertifica.tion

is most, ofl,en used to describ, the a,dva.nce o[" deserl-like

conditions ,United Nations (',onference on Desertification

19771. Poor land ma.nagenlent coupled with increa.scd

popula.tion a.re ofteJ] blamed for ca.t.a.st.rophic desertifica-

tion Ir the mid seventies several a.uihors reported a.n

expansion or the Sa.ha.ra esl, imaled a.t a rat,e of 5.5 km

per year (Lamprey 1975j. This desert, eucroa.chment had

direcl consequences for htnna.ns, animals, and plants, and

iL was suggested that; it, could t.l'igger a positive feedba.ck

loop on the (Iota.l/elima.t._ that would further increase the

deserb exl)a.nsion.

o

c_

z

_N

§o
p,
O3

O

o,:5

•,",-...'...:..- • .

° _ o
.• o

i " i

0 500 1000 1500

Annual Precipitation (mm)

Figure 2.4: Relationship between annual prc(@itati<m, rat{',s

and NDVI value'._ ave'raged ove'r the' growing season. The rcla-

lion, ship sat_tratcs at _tnnuol rai_@dl rates of 1000 *nm (Cour-

tesy Dr. C.J. _)_cker. NA,S'4/G'oddard ,5'pacc Flight Uenter).

Cha.rney et al. (1975) proposed a feedback lnecha.-

nism by which changes in vegeta.tlion would affect ra.in-

fall. A decrease in vegetatior_ would result in a._ increase

in ground surfa.ce a.lbedo beta.use albedo values of vege-

ta.tion a.re typica.lly lower tha.n va.lues of ha.re soil. The

decrea.se of ground surfa.ce albedo leads to a. reduction

in the tara.1 (la.tent and sensible) heat absorbed by the

ground surfa.ce a.nd results in ra.dia.tive cooling of the over

laying air. This either enhances large a.rea, subside_ce or

suppresses convection and thus reduces the amount of a.s-

soeia.ted ra.infa.]l. (:ha.ruey el al. (1975)posited tha.t this

mechanism would be especially important for regions like

the Saha.ra beca.use (1) large area subsidence already oc-

curs in this region, (2) most of the ra.infa.ll is from cumu-

lus (convective) clouds, a.nd (3) the transport of heat by

/0



windsis tooweaktocountera.cttheeffectofcha.ngesin the
all)edo.Totakeintoa.ecountothernon-localmel.eorolog-
ica.leffects,especiallytileeffectsof nlOllSOOllcirculatiol_,
Cha.rneyet al. (1{)7.5) tested their %edback mechaafism in

an a.tmospheric genera.l circulat.ion model and [bund that

the changes that. they in,posed on the [a.nd surfa.ce albedo

were snIJ[ieient.ly strong to overcome l.hese other non-loca.1

effects.

Cha.rney et a.l (1{t75, 1977) made a. similar a.rgument

{'or the reversed mode of the feedback loop, i. <, more veg-

etation leads to lower a.lbedo, which leads to more heat.

a.bsorption by the land surface, higher eva.poratior_ rates,

higher rainth.ll anlounts a.nd more vegetation. They thus

established a. ]iuk between va.ria.tions in la.nd surface veg-

eta.tion a.nd (local) climate. Sim:e the report, of Charney

et al. (1977), studies were done with improved landsur-

fa.ce models in wlfich interdepe_dent veget.a.tiol/ related

para.meters (e.g., leaf area. index, roughness length, initial

soil wetness) were a.ltered a.t the same time. These sl.ud-

ies showed tha.t the local evapora.tion ra.te had a. larger

Dedba.ck on precipita.tion tha.n the albedo (e.g., Xue a.nd

Shukla 1991 ).

A positive feedback is by its very nature highly un-

stable, it results in a. runa.way effect, when left I)y itself,

a.nd it is therefore obvious that the positive feedback be-

tween clima.l.e and w'getat.ion is not the only mechanism

at work in the Sahel. La.rge wea.ther sysl.ems such as the

seasonal movements of the intertropica.l convergence zone

(I'|'CZ) tha.t are driven by warming and cooling of the

oceans dominate the Sa.helia.n rainfa.ll. Nevertheless, the

meeha.nism is likely to enhance variations in {.he Ioea.1 eli-

mate _ea.r desert margins, a.nd for this reason, expa.nsio_s

a.nd contraction of desert, margins are thought to be an

importaa_t indicator of globa.1 climate change.

q_'he rate ofdesertifieat;ion of 5.5 km per year estimal.ed

by Lamprey (1975) wa.s questioned by Helld&, a.nd co-

workers (Hellchq_ 1984, 1{)88, Olsson 15185). They showed

tha.t the high ra.tes of desertifica.tion were derived Dora

loca.l a.reas a.nd were not va.lid for the entire Sa.hel. More-

over, the clima.te in the Sa.hel is characterized by cycles of

increasing a.d deerea.sing wet and dry conditions (Nichol-

son el al. 1988, Nieholson 1993). The study of La.mprey

(1975) coInpared data. fi'om a wet a.nd a drought cycle and

thus overestima.ted the rate of desert encroachment.

Tucker eZ al. (1991a., 1994) studied the interanuua.1

va.riation of AVHR.t_.-ba.sed NDV[ da.ta, to investiga.te the

rate of desertification tbr the entire Sahel. The study

of Tucker et al. (].991a.) used monthly GIMMS NDVI

composites for Aft:ira (section 4.2). 'lib determine more

accurately the interannua.l va.riations in N I)VI, the da.{.a.

were corrected for se_sor degradation a.nd soil background

effects. The correction for sensor degradation was done

by adding monthly offsets, ANDVI, t.o tile NDVI

NDVId = NI)VIp + AN I)VI, (2.e)

2.,5. DESERT filARGI_; STUDIES

where NDVIp st.a.nds ['or preflight-, and NDVI,t {'or desert-

ealibra.ted NDVI. Equa.tion 2.2 is a.n adequa.te approxima.-

tion for sensor degrada.tion between NDVI va.lues of 0 a.nd

0.3 (Kaufinan and Holben 1993, Los 1993, Appendix A).

'I'he soil I)a.ekground eft>el was estima.ted from areas with

a. sta.nda.rd devia.tion over the growl ng season smaller tha.n

0.04 NDVI. I%r these a.rea.s N DVI va.lues corresponding to

the highest cha.nnel 5 brightness tempera.lures during the

end of the dry period (1 to 21 March) of 198{I were sub-

tracted Dora the a.mma.1 tin)e-series. NDVI data. were then

sunmmd over the growing season and a relationship was

derived with annua.l ra.infa.ll using linear regression (fig-

ure 2.4). By de/ining the Sahelial_ zone a.s the region with

a.n a.verage a.nnua.l precipita.tion between 200 and 400 mm

and relating this number to a. sea.sonally-summed NDVI,

it became possible to detect year-to-year changes in the

a.eria.1 extent of vegeta.tion in the Sahel. These va.ria.tions

imply an expansion of desert-like condition,s in the Sahel

from 1{)81 to 1{)8,[ (figure 2..5), which was a year of se-

vere drought. After 1984, a.mma.l precipita.tion increased

iu the region which resulted in a gradual increase in the

a.mount of vegeta.tion in the Sahel. Superposed on this

Iong-tern_ trend are int.era.mmal va.ria.tions in vegetation

extent caused by int.era.nnual variations in rainfall. Ellis

a.nd Swift (1988) reported tha.t these a.rea.s a.re in non-

equilibrium by nature, i.<, they are a.lwa.ys perturbed by

abiotic f.orces, usua.lly droughts.
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Figure 2.5: £'patially-averagcd ND _.'7 of the 5'ahcl (de'JT.rte'd as

the' rcgio,z south of tl, ,5'aharo with avcroge annual prccipi-

tc_tion between 200 and 400 ram: see 7)_cker c't al. 19.91a,

t.994) ,fo*" the, pc_'iod of 1981 I99,5 (Uourtc.eg Dr. C.J. Tucker

NA,_'A /Goddord ,5))oce Flight Center).

The results from the study by Tucker clea.rly demon

st,ra.te tha.t in order to assess desertification in the Sa.-

hel, data _nust be interpreted in rela.tion to long-term eli-

real.it cycles of drought and wetuess. It is then possible to

estima.te the e[Dcts of loca.lized degradation and erosion
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as deviations fl'om the long-term trend. Several authors

(Hellddn 1{)84, 11.988,Olsson 1985, Prince 1986, 1991)con-
cluded that increased rangela.nd activity a.nd intensified

a.gricultura.l practices ha.ve led to, tbr example, a. shift in

vegeta./,ion composition to species not fa.vored I>y cattle,
shorter periods between fa.llow a.nd cultivated cycles, in

creased erosion, a.nd decreased infiltra.tion capacity of the
soil, rather tha.n a. rapid expa.nsiou of the desert. A sim-

ilar shift from palatable grasses t.o less pa.la.table shrubs

a.nd trees a.s a result of intensified grazing by lifestock was

noticed in Botswa.na. (Tolsma 1989, Veenenda.al 19.ql).

2.6 Conclusion

A review is provided of studies reporting relationships be-

tween NDVI a.nd vegetation pa.ra.meters such as net pri-

ma.ry production (NPP), crop yield, aboveground biomass

a.ccumula.ted over the growing season, the fra.ction of pho-

tosynthetica.lly active ra.diation absorbed by the green
parts of vegeta.tion (FPAR) and leaf area. index. Theo-

retica.1 studies a.nd field experiments indicate that NDVI

is closest related t.o FPAR: thus the ca.pa.ci_,y to a.ssess the
a.mount of land surface vegeta.tion with AVHf/.R data is

based primarily on the rela.tionship between NDVI and

FPAR, i.e., the NDVI is related to the ability of p/a.nts to

capture solar ra.dia.tion in the visible part of the spectrum.
The usefulness of AVHlqR data. for/.he assessment of

intera.nnua.I varia.tions in veget.a.tion rela.ted t.o interannua.1

variations in climate (in this case precipitation) was illus-

trated in the Sahel boundary study. This study also indi-
ca.tes tha.t AVHRR data. nmst be a.djusted for variations ill

t.he sensitivity of the sensor to obta.in mea.ningful results.

The effect, of other sources of inter%rence in AVH R.R d a t.a.,

such as variations in a.tmospheric composition, cloud oc-

currence, a.nd va.riations in solar zenith angle a.nd viewing
angle geometry a.re also of importance. These effects are
discussed in the next chapter.
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Chapter 3

Interferences With

Observations

AVHRR Landsurface

Interferences with Advanced Very tligh P_.esolution
Radiorneter (AVHI_.R) land surfa.ee observations are ei-
ther related to the design of the Nationa.1 Oceanic and At.

mospheric Admillistra.tion (N()AA)-AVHFI.B. and there-

fore unique to this satellite-sensor system or they a.re re-
lated to externa.1 sources aad therefore affect observations

by other satellite sensor systems as well. Amongst inter-

ferences resulting from the design of the NOAA-AVHllI_

are inaccuracies in the navigation of the sa.tellite data
(Emery et al. 1989), the method of onboard data re-

sampling (Kidwell 1995), the lack of onboa.rd calibration

to correct for sensor degrada.tion in the AVHt{R (Price
1987, Kaufnm.n and Holben 1993), and tile selection of
aaz early afternoon crossing time, which lnore-or-less co-

incides with the time of maximum cloud development

around the globe (Sellers and Sehimel 1._/93). Inl.erf<,rence

caused by external fa.ctors are caused by clouds, atmos-

pheric constituents, variations in viewing and solar a.n-
gles in combina.tion with surface bidirectional reflectance

properties of the land surface, t,opograf>!ly, and soil back-

ground reflectance. These effects often enhance or coun

teract each other a.nd must be viewed in concert.

3.1 hnage Navigation

Image navigation is the registration of pixels to a geo-

graphic grid. Accurate navigation requires all a.ccurale
model of the satellite orbit. Such a model has two con>

ponents (]3aldwin a.T_d Emery 1993): one relates to the

gravitational eft_ets of the geode on the satellite's orbit
(Brush 1988) and the other to deviations in the sa.tellite's

position, timing, and a.ltittM_, and the orientation of the

sensor (Ho and Asem 1986, Emery et al. 1989, Baldwia

and Emery 1993). Baldwin and Emery (1993) discnss
several image navigation models for the NOAA-AVItI{.R.
The simplest model describes the NOAA orbit as a circu-

lax motion around the Earth. 'Ellis Inodel leads to errors

of 35 km or more in the registration of picture elements

(Baldwin and Emery 1993). The most advanced models

use an elliptical model, which has corrections for short

term orbital oscillations that are obtained Dora ephemeris
data (I,2idwell 1995), and corrections for errors in the ori-

entation of the sensor that a.re determined from ground

control points. These models loca.te da.ta to a geographic
grid with an accura.cy of 1 km or better. A model of

intermediate complexity based on the level 1B orbital pa.-
rameters from NOAA results in an average error of (5 km

(Baldwin and Emery 19.03). For the sa.me model, NOAA

claims a.n error of similar magnitude (approximately 5
kin) and Ilolben (1.q86) found average along-track errors

of" 4.8 km a.nd a.cross-track errors of 3.6 krn, but a.lso doc-

umented deviations as large a.s 17 kin.

3.2 Viewing Geometry

The viewing geometry-- solar zenith angle, viewing angle,
and azinmth angle between the Sun and the sensor--is de-

termined by latitude, time of year, scan angle, and loca.1

crossing time of the satellite. The la.nd surface signal mea-

sured by the satellite changes as a fmn:tion of viewing ge-
ometry because of the bidirectional reflectance properties
of the land surface and the atmosphere. We discuss va.ri-

a.tions in viewing geometry with the overpass time of the
satellite in the next two subsections and the bidirectional

reflectance properties of the land surface and atmosphere
in section 3.7.

3.2.1 Solar Zenith Angles

Solar zenith angles a.re a fimction of the local crossing
time of the sa.tellite and the viewing a.ngle. For a. par-

ticnlar a.rea., the near sun-synchronous polar orbit of the
NOAA sa.tellite allows the AVHPdq to collect data from

day to day at ahuost the same local crossing time a.nd

ra.nge of sola.r zenith angles. IIowever, solar zenith a.n-

gles a.t time of observation vary as a function of latitude,
time of year, and tile time since launch of the satellite

(figure 3.1). Variations in solar zenith angle as a func-
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tion of _in,e s_nce la.uneh are caused by a gradua.l drift

Kom the original target equatorial crossing time of ap-

proximately 14:{10 l,o crossing times of 16:00 or even later

I Price 19911. The effect of orbita.1 drift is largesl for low

latitudes and snialler a_ high latitudes. The AVHHR data

refh-ct differences dl/e l.o an altered illunihiatiou geome-
try, the bidirectional reflccl, ance distribulion function of

the land surface and a.lanospheric efl>cts. Tl/ese e/Dcts

are larger on the measured radiance values and partially
compensa.t.e for each other in the Normalized Difference

Vegeta.tion Index NDVI_: the normalizalion by the stun
of chamiels 1 and 2 reflectance values in the calcula.tion

of the NDVI provides a tirst order correction for solar

zenith angle variations and associated ef['ecl.s ,Kimes et
al. 19841.

3.2.2 Viewing Angles

Viewing angles are a. function of the scan angle of tile
AVHftR. which can be as large as .55° ofl-nadir, and the
eurva.t.ure ol the Earth The surface reflect.ance measured

by the sa._el/ite w_.ries with solar zenith angle and view-
ing angle t,See below: Bidirectional Reflectance Distribu-

tion Funcl ion _. T'he pixel size varies also as a time(ion of

viewing angle. A pixel of 1.1 1ov 1.1 km al nadir is ,p-
proxima.te]y 2.4 by ($.9 knl , alor/g track and across track
respectively, al 55 ° off-nadir.

3.3 Sensor Degradation

Sensor degradation results in gradual changes in the ob-
served reflectance over the lifetime of tile sensor and leads

to discontinuities between successive instrulnents (figure
3.2.a; Holben et al. 1.990, Kauflnan and Holben 1993, Los

1993, Los 1998, Ra.o and Chen 1994). NOAA provides
a preflight calibration for the visible and near iufrared

channels, which relates tile signal received by the satellite

to a pre-la.unch standard (Kidwell 1.095). T'his preflight
calibration is not upda.ted during the operation of i.he

AVHRlq., hence it. does not take sensor degradation into

account. ('.orrection of AVHRH. data %r sensor degrada-

tion is important to do meaningful interanmlal conlpar-
isons. Several coefficients have been estima£ed for historic

AVHRR data (e.g., Vermote and l{aufnian 1995). (_-:ur-
rently, these coefficients are not. available for real time

applica.tions (Teillet and Holben 1{)94). A technique ex-
ists to derive ca.libratioil coell]cients from NDVI data over

desert targets (Los 1998). This technique (;all be used to

obtain a good approximation of the rate of sensor degra-
dation in near-real time in cases where channels 1 and 2

data coinponents of the NDVI are not available.

3.4 Clouds

Clouds hide a significanl porlion of tile laud surface fl'om

the satellite. Tile timing of niaxinnun cloud development
ill the hun_id regions or the worhl more-or-less coincides

with the afternoon ow'rpass time of tile NOAA-?, -.q, and

-11 satellit.es _$ellers and Schimel 1993). (11ouds appear

as very brighl objecl_s in channels 1 and 2 (reflectance

generally larger than 0.35 in both channels) and have

low. negative NI)VI values ,-0.05 to -0.2 NDVI). Most
cloudy data values can be identified 10y their low surface

1,emperatures and high 10rightness a.nd can be eliminated.

Mixed pixel data of partly clouds and partly land stir

[ace are difficult to ideutif2 automatically and are there-

fore uninten|ionally incorporated in land surface datasets.

The efl>c_ of sub-pixel clouds is most pronounced for a.r-

eas with high NDVI va.lues, the effect in this case being
largest, on (.he visible retlectance. For example, a cloud

with a reflem.a.nce of 0.5 in the visible band covering 20

% of a land surface pixel with a reflectance of 0.05 can

inerea.se the a.ppa.rent, surt'ace reflectance to 0.1.", (Kauf-

nian 1.987, The effect of mixed pixel cloud colltan-iina-

tion on the NDV] is subsl antial, although smaller than oil

channel 1. Assun_hig a similar ('loud effect on a snrfa.ce

near-infrared reflectance value of 0.4, the change in NDVI
is 0.29 '0.55 0.35.0.45 - 0.25 NDVI. Studies on cloud

clistribl it.ions show that I he fi'eq uency of cloud occurrence

is inversely related t.o the clol d diameter, therefore sub-

pixel size clouds idiamel er smaller than 1.1 kin) occur the

most lrequei/tly Planck 196.% Wielicki and Welch 198(5).
Given that. areas with dense cloud cover occur in gen-

era.1 over the trios( densely vegetated areas, it follows that

cloud contamination is a serious problem for vegetation
monitoring.

Figure 3.2.b is an example of the eft>ct of cloud

eontaminalion Oil a NDVI time-series over an evergreen
foresled area. in equatorial Aft'tea. The NDVI should be

high throughout the year; instea.d, data. are missing dur-
ing the end of 1989 and heavily cloud contaminated nea.r

the end of 1090. Several techniques exist, to screen for

clouds: Ilolben (1986) uses a single temperature thresh-

old, Stowe et ,1. (1!)91) based a cloud identification tech-

nique on various conibinations of AVHIq.I:{. channels, Gut-

man e/al. (1.%94) based cloud identificalion on departures

fi'oni mean climatic land surface temperature conditions;
and Cihlar (1996) identified clouds based on departures
in tile NDV[ from smoothed time-series.

3.5 Atmospheric Constituents

Atmospheric constituents absorb and scatter solar en-

ergy radiated to and reflected froin the Earth's surface.

Tile physics that describe the scattering a.nd a.bsorp-

tion processes are well understood. (riven tile type and
the concentrations of atn-,ospheric constituents, the el-
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Figure 3.1: V<d.ues o/ solar zenith angle at the local overpass time of the NOAA-7, -9 an.d -11 satellites. V_trirttious occur as

a Junction of latitude, time o.1 _jcar, .satellite, and time in operation. (a, d) start an.d end of NOAA-7for Jauuarg (continuous

lin.¢_ and Julg /dotted line _, /b es san_.c for NOAA-9. (c, f) d_['ference between first and second year of operation of NOAA-II.

NO4A-7. NOAA-9. and NOA_4-11 show diJ)_'rences in solar zenith alzgle as a fltnction of latitude, time of operation of the

NOAA-AVtlHR, and time o.I gear. Diffcr_w.ces as a function of time o.[ operation are' hH'gest for low latitudes and smallest

./'or high latitudes. The differences in solar zen, ith angle between summer and winter can be as high as 30 degrees. Note that

:VOAA-l I started at a local crossing time o_e hour ectrlier than NOAA-7 a_d -9: hence solor zenith angles are lower at the start
of NOA A- t 1.

fects of scattering a.nd absorption can be calculated with

progra.ms such as the LOW resolution Tl{ANsmitta.nee

(LOWTRAN) code (Nneizys et al. 1983) or the Second

Sinnlla.tion of Satellite Signal in /.lie Solar Spectrum (6S)

model (Tanr_ et al. 1.986, Vermote et al. 1995). How-

ever, since the composition of the a.tmosl)here is gener-

a.lly unknown, these models cannot be used to correct the

sa.tellite observations. Atmospheric effects of importa.nce

to AVHRR ha.rids 1 a.nd 2 are lqa.yleigh or molecula.r sca.t-

tering (02, N2, A), a.bsorption a.nd scattering by gases

(principa.lly ozone, (-102, and wa.ter va.por), and scatter

ing by aerosols (see e.g., Chahine et al. 1983, Ta.nr_ el

al. 1992). Table :7.1 fi'om Ta.nr4 et al. (1992) indicates

the effect of a.tmospheric constit.uents on land s_lrfa.ce ob

servations. In genera.l, a.tmosl)heric efDcl.s a.re largest for

observa.tions from dark surfaces in the visible ba.nd, e.g.,

water and dense vegeta.tion. Water w-ipor reduces the

land surfa.ce reflectance ill t.ho nea.r-infl:a.red cha.nnel of

the AVHIqI:_, beca.use this channel contains a. water va.por

a.bsorption band (Justice et al. 1991a.).

The effects of a.tmospheric scattering a.nd a.bsorption

also depend on the speetra.l properties of the land surt3.ce,

viewing angle, a.nd sola.r zenith angle. Exa.mples of a.tmos-

pheric effects on NDVI time-series a.re shown in figures

3.2.c a.nd 3.2.d. Figure 3.2.c shows the impa.ct of volca.nie

dust from the Mt. Pina.tubo eruptioil in July 1991 on a.

NI)VI time-series of an equatorial forest in Afi'ica.. The

NDVI decreases sha.rply a.fter the eruption with about.

0.25 a.nd then gradually inerea.ses. The effect, of the Mt.

Pina.tubo aerosols on the NDVI wa.s noticeable for about.

one-a.nd-a, ha.lf yea.rs after the eruption (Vermote et al.

I994). The effect, of wa.ter vapor is illustrated in a. NDVI

t.ime-series from a.n area in the northern pa.rt of the Sa

hel (Figure 3.2.d). During the start of the rahiy season

around May the intertropiea.1 coitvergence zone (ITCZ)

moves into the a.rea.. The increased humidity in the a.t-

mosphere a.s a result decreases the reflec:t.anee measured

in the riea.r-infl:a.red AVHRR eha.nnel a.nd thus decrease

the NDVI (Just.ice et al. 1991a.; Table 3.1).

In some cases the eflT'ct of atmospheric eonstituents on

AVHRR measurements ca.n be taken into account. The ef-

fects of sea.ttering on nloleeules, Rayleigh sca.ttering, ca.n

be estimated since the distribution of molecules in the

atmosphere is known. Va.ria.tions in at.mospheric ozone

eonceut.ratioris can be a.eeounted for by clima.tic mea.n

ozone concentra.tions or by sa.tellite observations, e.g. ,

from the Total Ozone Mapping Spectrometer (TOMS)

on boa.rd the Nimbus-7 sa.telli/.e (Herman et al. 1991,

Stola.rski et al. 19!)1) and the Sola.r Ba.cksca.tter ultra-

violet (SBUV)/2 instrument on board the NOAA satel-

lites (Holla.ndsworth et al. 1995). Wa.ter va.por and atmo-

spheric aerosols vary highly in concentration over spa.ee
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[_igure 3.2: Variations in the NDW as a .function of (a) sensor degrodntion: the ND I,U.from desect sites is assttmed to ezhibit

only sin, all variations over time. The h'e_M._ in the /\;DI, V data (e.g., for JVO.4A-9) are the result of sensor degradation, the

discontinuities between .s'atellites (compare dato for ,VOAA-9 and NOAA-11) are c_u_.s_d by dif/_'rcnccs ia calibration betwec_z

s_tellites. (b) elottds: NDVI datci ,from an eqtmtorial.forest shouhl ezhibit low sec_sonal variation. The strong temporal changes in

the I\DV/ _md the missing dora cite coursed by cloud eontamination. (e) effect of aerosol._ .fron_ the Mr. Pinahtbo eruption (,lulfl

1991) o_ the NDVL Tl_c eruption of Mt. Pincthtbo r(sulted in h,igh eonecntration._ of atmospheric aerosols worldwide. These

aerouol._ strongly increased the. reflectance in the: visible channel of the, A VHRR and decreased the ND V1. _lerosol eoneentratio_zs

9raduall_j diminished ovur time; the effeets were nolieeabh, in Ihe ND V[ data for abo'ut one-and-a-hal.f years. (d) The near-infrared

cha,_nel of the AVHRR co_ztain._ a water vapor absorption band. hmreases ia atm.ospheric water vapor at the start of the rainy

season in the ,5'ahel rehltcd to movcment._ of the ]ntertropieal C'onvergence Zone (ITC'_), decrease the measured r_Jlectanee in,

the near-infrared eh_mnel and decrease th(' NDV[. (e) Bidirectional uffects in the A.D V/cts _tfunction of viewing angle measured

for ground-mcas_H'ed data (top line) and data measured at the top of the atmosphere' (botton_ line). The ground bidirectional

di._tribution function (BRIPF) was simulated with a model J'ron_ Roujcan et al. 11.9.9:2) ond the (ttmosph, erie effects for a mid-

httitude continental atmosphere with .fl_irlg high, aerosol concentration were simtdatcd with the Second ,5'in_tdation of Satellite

,5'ignal in the ,5'olar ,5_ectrum 16",5') program (_'_,rmotc el al. 1995). :l'he ground-meast_red NDVI datu are higher overall than

the dater tneas'ured at th,e top o.[ the otmo._'pherc and show _n inverse rehttionsh, ip with viewing angle. A small hotspot effect is

.fott_zd at 300 off-nadir in, the bat\scatter direction. TMs effect occ_trs wh, en the obs(.rver is in the principal plane with Ih,e ,%n on

hi._/her back and the view zenith angh. is cq_al to the. solar zenith angle, h_ this configuration th,e amount of shadowing oppears

at a nzinim, un_ for th,e observer (provided the distance between th<, observer and th, e tar qet i._ stt[fieienlly large). (f) Frcqmncg
distrib_tion, of variations in the NDVl from th.e ,%hara (2?.50 N, 1.o50 W to 27. 4 o N, 23.7 ° E). Most o.f the variatio_ in the

NDI'V can be attrib_ted to variations in soil ba_legrotH_d reflectance, not to variations in vcgetotion greenness.

a.nd time a.nd it is therefore ditlicult 1,o correct, their eF-

fects. It is possible, a.t least in principle, to obta.in l;heir

distribution from a. ground-based sun-photometer net-

work. Recently, such a. network was implemented for

selected areas over the globe (flolben el al. 1991). At,

present, satellite-ba.sed estimat.es of atmospheric water va-

por (Susskind el al. 1984, llolben and Eek 1990, Reuter ct

al. 1988) do not have sufficient accuracy to correct visible

and near-infi'ared observations from the land (Justi/:e el

al. 1991a). Aerosol effects Don, w)lcanic eruptions such

as the eruption of El C.hichon in Mexico in 1982 and of

Mr. Pina.tubo in the Philippines in 19.91 have been es-

ti|na.ted a.nd accounted for with some degree of success

(McCormick and Veiga 1992, Stowe el al. 1992, Vermote

et al. 1994).

LocaJized aerosol effects over la.nd ea,n be estima.ted
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3.7. BIDIRECTIONAL REFLECTANCE

Table 3.1: Eslirncttcs o.f Ihe effl'ct._ of atmosph.cric ozone, nzolcc'.h's, aerosols, a_*d water vapor on the NDVI and the component

A_WirIR clmn, ncl._ 1 ct_d J val_tc._ (n_odificd after Tctnr( cl hi. 1992).

Atmospheric Effecl

Ozone Absorption

Molecular Scattering

Aerosols (Moderate)

Chmmel I

5 15%<

0.o2 o.o7 >

Channel 2

n egligi ble

0.005 0.025 >

NDVI

0 0.03 >

0-0.1. <

Largest Effect on

sparse vegetation

dense vegetation

0.02-0.08 > 0.02-0.08 > 0 0.1 < dense veget_ttion

Aerosols (High) 0.10 0.15 > 0.10 0.1:5 > 0.1 (1.2 < dense vegetation

\'VateJ- Vapor 0 5 _ < l0 30% < 0.01 0.t < spm'se vegetation

either DonL dark surfaces such as lakes anti dark dense

vegetation, or Dora areas with high brightness contrast

between adjacent pixels ('Fa.nrd e/ al. 1!)92, lIolben e/ al.

[992_. The spatial coverage of dark Ok high contrast areas

is sparse, and as a. resull satellite based aerosol corrections

have no_ been implemented for la.rge a.rea.s.

3.6 Terminator Effect

High solar zenith angles near the twilight terminator are

assocmIed wilh low lighl intensities a.nd extremely large

atmospheric path lengths for incoming solar radiation.

The contribution of the atmosphere to the signal meas-

ured by the AVHI{FI is therefore substantial, 1o the ex/.eut

that the signal fi'om the surface is complelely obscured.

This effect is clearly visible in AVIIRR imagery" and is

referred to as the terminator eff>ct (lIoll)en 1986).

3.7 Bidirectional Reflectance

The AVIII_R measures data from a wide range of sca.n

angles (-550 to 5.50 off-nadir) a.nd solar zenith angles (be-

tween 1.50 and 90°). The illunfination and viewing geom-

etry affects the NDVI dependent on the/and surface a.nd

atmospheric bidirectional reflecta.nce distribution func-

tion (BRDF), which describes the reflected radiation from

the surthce as a. function of the angle of incident radia.t.ion,

the viewing angle, and lhe azinmth between the illumina.-

lion source a.nd the measuring device. BRDF etI>cts can

be estimated from models that formula.re the scattering,

transmission, and absorption of solar radiation by green

leaves in pla,nt canopies and the soil background (Ross

1981, (_oel 1988, Myneni et al. 1989, Li anti Strahler

198.5, Li el al. 1995).

In figure 3.2.e an example of variat.ioi_s in the NDVI

with viewing a.ngle as a result, of BRDF is shown. The

BRDF was derived by fitting a simple model (Roujean

et al. 1992) to data obta.ined during the First ISLSCP 1

Field Experiment (FIFE) by Deeriug et al. (1992b; see

t ISLSCP: Intern_ttional Satellite Lmld Surface Climatology
Project

also Deering and Leone 1986). It shows a. BRI)F ol)tained

fi'om surface measm:ements (top curve) and a Blql)F ob-

t,a.iued from sa.tellite measurements (bottom curve). The

satellite-measured BRDF was ca.lcula.ted fr:om the land

surface measured BR.DF by sinmlating the effect of a

continental mid-latitude atmosphere with 6S (Verlnote et

a/. 1995). The difibrence between ground a.nd satellite-

measured BRDF is fairly large because of the high aerosol

content used in this sinmlation.The BRDF from ground

measurements shows an increase in NDVI with viewing

a.ngle a.nd a. small hot-spot effect centered a.round a view

zenith angle of 300 in the backsca.tter direction (figure

3.2.e).

The BRDI,' from satellite lneasurements shows the

reverse, i.e., a. decrease in NDVI with increasing (off-

nadir) viewing angle and maximum N DVI values at near-

nadir viewing angles in the forward-scatter direction. The

BRDF efDct of the at, mosphere is generally stronger than

the la.nd surfa.ce BRDF: compa.re the upward bowl shape

of the relationship between NDVI and viewing angle at

the ground with the reversed bowl shape tbr the relation-

ship between NDVI and viewing angle rela.tionship a.t the

top of the atmosphere.

For ground-measured NDVI, the lnaxinmm tends to

be at off-nadir viewitlg angles. This has important im-

plications for ma.ximum NDVI compositing: composit-

ing on atmospherically corrected N DVI data will bias se-

lection of data from off-nadir viewing angles where the

change in NDVI as a function of viewing a.ngle is la.rgest,

whereas con,positing of da.ta, tha.t are not corrected for

the atmosphere results in selection of data at near-nadir

(slight forward-scatter) viewing angles where the change

in NDVI as a function of viewing a.ngle is lowest. The

large change in NDVI at high viewing angles for atmo-

spherically corrected data. causes large viewing angle:de-

pendent variations in the NDVI which uqay be visible in

NDV[ imagery as striping pa.rallel to the satellite orbit.

Implementing a successful correction for atmospheric ef-

fects should therefore include a correction {'or the land

surface BRDF.
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3.8 Topography

Shadowing effects in high relief a.reas althet the amounts

of red and infra.re(I radiation reflected by lhe land sur-

face. They a.re dependen| on sola.r zenith angle, viewing

angle, and topography. Burgess el (11. (1995) invesligaled

t.opogra.pbic efl>ets on AVIIR[{ NI)VI data. with a. digital

eleva.tion mo(lel to simu]a.te the shadowing e[Dcts. 'I'hey

Ibtmd t.opographie errors, delined as the relative di[lOr-

ence belween the signa.l from a va.riable terrain a.nd the

signal from a flat plane, as large as 13.5 % for 50 m rose]u-

lions. 'l'hese errors became sma.ller with increasing pixel

size: ior pixels of 1.1 kn, resolution the error wa.s less tha.n

•3 %. Only a small part of tile decrease in error with in-

creash g pixel size could be a.ttributed to the resolution of

the digita.1 elevation model. Burgess _t a/. (1995) there-

fore conel uded that the fai rly strong topographic Rife('ts in

high resolution data. are greatly reduced in low resohd.ion
data.

3.9 Soil Background Effects

Tile reflective properties of a. bare soil va.ry with its type

and composition, l)ifferences in the spectral response of

cha.nnels I a.nd 2 manifested by soil color a.ud bright-

hess result from variations in soil properties, such as the

a.mount of iron and orga.nic material present. Figure 3.2.f

shows {.he variation in NDVI values over a.n area. of the

Sahara where the contribution of the bare surface to the

signal measured by the sa.tellite is large. The standa.rd de-

viation of this sa.mple is about 0.02 NDVI. A number of'

vegeta.tion indices have been reported tha.t elai|n to be less

sensitive to tile soil background ell'eels than the conven-

tiona.1 NDVI, such a.s the Soil-Adjusted Vegetation Index

(SAVE see Huete 1987, Huete and Tucker 1991). For the

ca.lculatioi_ o[" this index a. cow,slant is added to chamlels

1 and 2 reflectanees. However, the soil background re-

flectance usua.lly affects low and intermediate NDVI va.1-

ues more tha.n high NDVI va.lues boca.use the increa.sed

vegetation cover tends to mask the soil. Sillee the coffee-

lieu term in SAVI is not dependent on vegetation (:over

Kaction, it. should not be a.pplied to a.djust high NDVI

va.lues. To accommodate this, Qi (t a/. (1991:) devel-

oped the Modified SAVI (MSAVI). However, MSA\:I has

a. problem similar to tha.t of SAVI in that the maximun,

a.cljustment is a.pplied to the high NI)VI va.lues where the

a.djustment should be small or negligible.

va.lues i_ A\;HlqI{ imagery. A ca.use generally mentioned

['or bad scans is tile occurrence of l)rol)lems a.t. the ground

receiving station such a.s interfi_rences o[' nea.rby buildings

a.nd trees. Bad sca.ns can ea.si/y be identified by visual

inspection of the data and can be elimina.ted.

3.11 Conclusion

NDVI da.ta conta.i_ useful informa.tion on the temporal

a.nd spatial distribution of vegeta.tion. A limitation to

the NDVI da.ta, is the presence of suspect data, genera.lly

with decrea.sed values, tha.t are due to persistent cloud

(:over, atmospheric attenua.tion, solar zenith a.ngle va.ri-

ations, missing da.ta., viewing geometry, Inisregistra.tion,

and sensor degradation. The magnitude of' inconsistencies

in NI)VI data., when not accounted for, ca.n be a.s la.rge

as 0.1 to 0.2 NDVI units. Itow the magnitude of these

errors can be reduced by incorpora.ting simple a.lgorithms

in the da.ta, processing stream is discussed in Cha.pter 4.

The correction of several of' the remaining errors in NDVI

data. a.ft.er processing is disc,ssed in Chapter 5.

3.10 Bad Scans

At irregular interva.ls, observations by the AVItRII a,re

sub joe(. to extreme errors, resulting in va.lues out of tim

ra.nge of norma.] observations. These extreme w_.lues al>

pea.r a.s distinct across-track lines of' mea.ningless NDVI



Chapter 4

The GIMMS NDVI Dataset

4.1 Introduction

Several global nmlti-year landsurface data.sets exist that

are derived fl'om the National Oceanic and Almospheric

Administration (NOAA) Advanced Very Iligh ltesolution
Radiometer (AVHFII{.) data.. The most connnou are: the

Global Vegetation Index (GVI) dataset--weekly compos-

ites and 0.250 resolution produced by NOAA (Tarp-

ley et el. 1984, Gut, man 1991, (_utinau e/ el. 1995);

the Norma.lized Difference Vegeta.tion Index (NDVI)
dataset--10-day, 15-day, or monthly composites, and 8

km resolution---produced by the Global Inventory, Mod-

eling, a.nd Monitoring System ((]IMMS) group a.l, the

Nationa.1 Aeronautics and Space Administration (NASA) 1.
Goddard Space Flight Center (Tucker et el. 1994, Los

el el. 1994, Appendix C) and the Pathfinder AVHlqR.

land dataset--10-day composites and 8 km resolution--

produced by a joint effort of NASA a.nd NOAA (James
and Kalluri 199.'1). The Maryla.nd improved GVI was de-

rived from NOAA's (_\l data.set ((,oward (t el. 1994).

It. is imporl, a.nt to stress at this point that the GVI,
GIMMS, and Pathfinder datasets were derived fl:om the

same source and are therefore subject to the same in-

strument errors a.nd interfe.rences by clouds, a.tmosphere,
illumina.tion, and viewing angles. These da.tasets differ as

a result of their processing protocols, however. Because of

the large data volumes handled, the adopted procedures

to diminish interferences must be seen a.s a compromise

between effectiveness in terms of removing undesirable ef-
[>cts, and simplicity so as not to overburden the limited

computing resources. For the present study the GIMMS d.

NDVI dataset wa.s used. Processing of the GIMMS NDVI
is discussed in section 4.2 and the justification to use this
dataset is discussed in section 4.'<

4.2 Processing

The GIMMS NDVI first generation dataset was (level

oped by the GIMMS group at the National Aerona.u-

tics and Space Administrat.ion (NASA) (i_odda.rd Space

Flight Center (Holben 1986, Tucker et al. 1991a, 1991b,

1994, Los el al. 1994). The dataset is arranged by con-

tinent. A complete record for Afl'ica exists Dora August
1981 until the present. The current data record for the

other continents is from 1982 1990. Processing of data.
for the other continents was postponed until a correc-

tion for aerosols from the MI. Pinatubo eruption was

implemented in a seeond generation processing system.

Our discussion is limited to the first generation GIMMS

data.. For this cla.ta.set 10-day (Africa), ]5-da.y (other co_-
tinents), and monthly maximum va.lne NDVI composites
were processed.

The processing chain of the first generation GIMMS

mapping system conta.ins the folk)wing steps:

Orga.nization of global NOAA-AVHRR level 1B
data by continent. Level 1B data. are stored as full

global orbits I)3; NOAA and include measurements

of the land as well a.s the oceans. Organization by
continent reduces the amount of data that must be

processed and allows efficient manipulation of la.nd-
surface data in sma.ller coherent chunks.

2. Ingest of Channels 1, 2 and 5 data. Channels ].

and 2 are used to ca.h:ulate the NDVI (step 5), and

channel 5 is used for cloud screening (step 4).

3. The 45 outer pixels on either side of a. scan are dis

carded to reduce the variation in NDVI as a result

of viewing geometry. The threshold of 45 pixels

corresponds to a scan angle of approxima.tely 420
off-nadir.

Da.ta with a channel 5 brightness temperature below
273 K (288 K fbr Africa) are a.ssumed fron] clouds

and are eliminated. This cloud screening technique

does not identify data. fl:om warm clouds or partially

cloud covered "mixed" pixels leek a.nd Kalb 1991),
and in addition it. eliminates landsurface data with

a brightness temperature below the threshold which

results in missing values a.t high latitude a.reas dur-

ing winter (figure 2.1.a.).

Channels 1 and 2 digital cotmts axe converted

to radiances normalized tbr incoming sola.r ra.dia-
tion with the preflight calibration coefticients from
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NOAA (Kidwell 1995):

x (-' A 'Li4, 7i,p ( 'i= - 6_,_,) (4.:_)

with Ci the digital count in dm.nnel 1 or 2, ACi,_A.he

preflight oil;set in clm.nnel 1 or 2, 7<pthe preflight
ea.libration coefficient which converts counts to re-

flecta.nce va.lues in case of an overhea.d Sun, NLi,z, t he
prellight ca.libra.ted radiance normalized for the top-
of-the a.tntosphere solar flu× in cha.nnel 1 or 2, i

refers {,o either cham_el 1 or 2, a.nd p indicates pre-
flight ca.libration. The cosine of the solar zenith

a.ngle is missing in equa.tion 4.1, hence only i_ the

case of aa_overhead Sun does this normalization pro-
vide reflectance values. Calibra.tion coelficients are

provided in Appendices A and B.

6. The NDVI is ca.lc_flated a.ccording to

NDVI - L_\I_' - L:vl,p

- - l,p

The ca.lcnlatiou of the NDV[ from norma.lized ra.di-

a.nce va.lues (equation el.2) is equiva.lent to the ca.1-

cula.tion of the NDVI from reflecta.nce va.lnes (equa
lion 2.1). The division by the stun of channels 1

a.nd 2 normalized ra.dia.uce va.lues in the ca.h:ulation

of the NI)VI reduces the impact of va.rying illumi-

nation conditions a.nd shadowing efl_cts caused by

variations in sola.r zenith and viewing angle (Kimes
el al. 1984).

7. q'he NDVI data are ma.pped to a. geographic projec-
t.ion (a. polyconic equa.l a.rea, projection for Australia.

a.nd a. Hammer Aitoff pro.iection %r the other con-

tiuent.s) as da.ily da.t,a.. The resolution of the global
area coverage (GAC) data is reduced to allow dis-

play of a continent.a.1 da.taset on a. 1280 by 1024 el-

ement screen. In cases where pixels overla.p, the
value of the pixel with the highest NDVI is used.

This leads 1,o selection of higher values than if the
nearest neighbor of the element were selected.

8. The data are visually inspected for registra.tion er-
rors a.nd bad sea.us. Registration of the da.ta, is ver-
ified by comparing the outlines of continents and

rivers in the NDVI ima.ge with those in the Centl:al

Intelligence Agency (CIA) world data ba.nk (WDB)
II (Gorny 1{)77). When a, mismat,ch between t_a,-

tures is found, the entire image is shifled over a

whole number of pixels which reduces the registra.-
lion error to a.pproxima.tely 4 8 kin. Bad scans a.re

remow_d interactively.

9. The da.ily images axe merged in 10-da.y, ]5-day,

or monthly composites by selecting for each pixel

the n_aximnm NDVI ['or the period considered.

Maximum NDVI composil:ing fills in the gaps be-

tw6en mapped orbits and missing va.lues fl'om cloud

screening. Compositing a.lso reduces the effects of

the a.tmosphere, sub-pixel clouds, and viewing ge-
ometry (Ho/ben 1986). The effectiveness of corn-

positing depends on the Dequency of occurrence

of clouds and a.tmospheric efl>cts (Kauflnan 1987).
]"or example, persistent clouds over tropical and

subtropical areas cannot be completely removed
with this technique. Linear structures with low

NDVI va.lues such a.s la.kes and rivers tend l;o disa.p-

pear as a result of errors in registra.tion a.nd ma.xi-

mum value colnpositing. Maximuin va.lue composit-
ing tends to select da.ta, from 10 ° in the forward
scatter direction.

The GIMMS NDVI data are not corrected for sensor

degra.da.tion a.nd a.tmospheric aerosols and are, to a. de-

gree, subject to the effects of clouds, viewing a.nd illumi-
ua.tion geometry. An approximate correction ['or sensor

degra.da.tion can be applied to the NDVI data without

recourse to the component channels 1 a.nd 2 da.ta (Ap-
pendices A and B). The root mean squa.re error of t,his

correction is 0.002 NDVI or less (Los 1.993). This inaccu-
racy is smaller than the uncerta.inty in the estima.tion of

the rate of sensor degradation --about 2 % (\/ermote a.nd
Kauflna.n 1995). Adjustments for the effects of volea.nic

aerosols, clouds, a.nd solar zenith a.ngle axe discussed in
Chapter 5.

4.3 Discussion

Several AVHRI/ derived la.ndsurface data.sets exist be-

sides the GIMMS NDVI da.taset. The most commonly-

used are the NOAA-GVI data.set a.nd the NOAA/NASA
Pathfinder da.taset.

Three generations of the NOAA-GVI da.ta.set exist.

The first generation (Tarpley et al. 1984) covers the pe-

riod of April 1982 until March 1985, the second genera-

lion covers the period of April 1985 until the present, and

the third genera.tiou is a. revision of the second genera.lion

da.l,aset a.nd it covers the same period. Incompa.tibilities
exist, between {,he first a.nd second genera.lion GVI due to

differences in data. navigating, resa.mpling, a.ud composit-
ing. No cloud screening was a.pplied to either the first or

second generation GVI da.ta.. The third generation GVI
uses second generation GVI data. to identify clouds a.nd to

correct cloud-affected NDVI va.lues. Compositing of the
GVI is based on the nla.ximum difference between chan-

nel 2 and channel 1, which fa.vors selection of data Dora

extreme ba.cksca.tter viewing angles and increa.ses the con-

tribution of the at.mosphere in the measured signal. No
sca.n angle cut-off wa.s a.pplied to the da.ta.. The C,\."_1con-

ta.ius severa.1 da.ta, layers besides the NDVI; clm.nnels 1 a.nd
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2forthefirst,second,a.ndthirdgenera.tion,andcha.nnels
4a_d_5_bl:theseconda.ndthirdgeneration.Da.tain the
first,andsecondgenerationGVIwerenotcalibrated,and
nocorrectionswerea.ppliedforw)leanicaerosolsfromthe
E1ChichonandMr. Phm.tuboeruptions.

ThePathfinderAVHlq.R.landsurfa.ceda.ta.setbecame
a.va.ilableseveralyearsa.fterthepreseutstudywasiniti-
a.ted.Thedata.a.rea.va.ila.bleas10-da.3,composites{'orthe
periodof August1981until December1992at,twospa.-
tia.1resolutions,onea.t8km resolutionandtheothera.t
1° by 10resolution.ThePathfinder:dataa.recorrected
for sensordegra.da.tionandiucludesevera.ldata.]a.yers :

five AVHRIq. cha.nuels, a. cloud mask, a quality COllt.rol
flag, and viewing a.nd sola.r zenith a.ngles. The da.ta, were

corrected for lq.a.3;leigh sca.ttering and ozone a.bsorpt, ion.
No coH:ections were applied f'or aerosol and water va.-
pot efl'_,cts. There a.re some a.rtifa.cts in t,he Pa.thfinder

da.taset that, a.re not yet, well understood. Also, a.fl.er pro-
cessing the entire da.taset it. became appa.rent that the

effects of ozone a.bsorptiol_ and 1-{.a.yleigh sca.ttering were
only pa.rtia.lly a.ccounted for. In a.n updated versiou of the

Pa.thfinder data adjustments were ma.de to account fl_lly
t'or ozone aud Fl.a.3;leigh effects. As a. result of the a.tmos-

pheric correction, la.ndsurface Biderectiona.1 I_I.eflect.a.nce

Distribution Eunction (BIq.DE) ef['ects are expected to be

stronger a.nd a.tn_ospheric BRDI? effects a.re expected to
be diminished compared to the GIMMS NDVI data.set.

The global one degree da.ta, were not screened for clouds

prior to avera.giug, despite the a.va.ila.bility of" a. cloud mask
in the 8 km dataset.

When the present research wa.s initiated only the first
a.ud second generation GVI data.sets were a.va.ilable as a.1-

terna.tives for the GIMMS Ni)VI dataset. The GIMMS

NDVI data.set wa.s pl:eferred beca.use of its consistent pro-
cessing history, which resulted it_ a. long eou_patible da.ta.

record, the compositing method, and cloud screening.
The Pathfinder da.ta.set could ha.re been an alternative

for la.ter stages of the pro, iect. The reason we contim_e to
work with the GIMMS NDVI is that the e/I>cts of severa.l

of the processing errors in the Pathfinder dal, a are not well

understood, e.9. , the effoct of pa.rtial atmospheric correc-

tion, and corrections a.lrea.dy developed for the GIMMS

NDVI da.l, aset (Cha.pter 5) had to be derived again for the

Pathfi__der dataset. '['he la.ck ot' cloud screening in the 1°
by 1 ° Pathfinder da.ta, wa.s also seen as a serious limita.-

tion, especia.lly since cloud cont, a.mi_mtion is more severe

in the 10-da.y composites used i_ the Pa.thfi_der da.ta tha.n

in monthly corn positcs used in the GIMMS NDVI dataset.

In a. recent study several A\/HRlq.<lerived NI)VI

data.sets--GIMMS NDVI, I_'ASIlq.* NDVI (Chapter .5), {,he
Pa.thfinder NDVI da.taset and a da.t, aset derived from the

second genera.tion GV[ were used with precipitation and

1 [_,_.¢j,i]7{: _ sequence of corrections Fom:ier Adjustment, Solar

zenith angle correc|ion, Inl:erpolal:ion (of missing (l_-t|:a) and Ptec_m-

struction (over tropical evergreen fol'esl, s) _:_pplied l:o NDVI clai:_t

4.3. DISCUSS'ION

tempera.t.ure da.t.a, to n_odel crop yield for several large ar-

eas a.round the globe [br the period 1.._)82-1.q90. Although
all da.tasets had common problems to an extent, the most

cl:edible res_lt, s with the fewest problems were obtained in

model runs which used the GIMMS NDVI and especia.lly

the FASIR-NDVI da.tasets (MahnslrSm et el. J.997).
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Chapter 5

Estimation

Parameters
of Biophysical Landsurface

Biophysically realist, ic models of landsurface

atmosphere interactions for use in general circulatioa

models of the atmosphere (GCMs) were developed
during tile mid 1980s (Dickinson 1984, Sellers ctal.

1986). These landsurfa.ce parameterizations formulate

the processes of ra.diative transfer (albedo), turbulent

l,rans:f_r (roughness length, and evapotranspiration
(surface resistance) between landsurface vegeta.tion,

soils, and the lower boundary layer of the a.tmosphere.

Prior to the work of Dickinson (1984) and Sellers ct

al. (1986), these landsurface parameterizations were

prescribed as independent boundary conditions, e.g., a

change in albedo would not necessarily lead to a change
in the roughness length or surfa.ce resistance. Other

shortcomings in the early landsurface pa.rameterizations

were: an unrealistic, generally too low, specification of
albedo; use of consta.nt values for the entire land surfa.ce

of roughness length z0 and the water-holding capacity of

the soil; and an unrealistic description o[' the eva.pora.tion

process, lea.ding to excessive estiIna.tes of evaporation in

humid regions (Sellers 19.(.)2).

TILe Biosphere-Atmosphere Transfer Scheme (BATS)
of Dickinson (1984) and the Simple Biosphere model (SiB)

of Sellers et al. (1986) were the frst attempts at a. bio-

physica.lly rea.listic modeling approach for laudsurface pa-

rameters. In these models, the emphasis is on modeling

the soil-vegetation complex itself and thereby specil_dng

the surface a.tt, ributes of albedo, roughness length, and

surface resistance as mutually consistent surface proper-
ties. In tile case of SiB, a. deliberate effort was ma.de to

base the radiation, momentum, and mass transfer prop-

erties of l,he vegeta.ted land surfa.ce on a set of' directly

measnrable surface parameters (Appendix D).

In the earliest version of the Simple Biosphere model,

ref>rred to as SiBI, landsurface vegetation parameters

were derived t]'om landcover classifica.tion maps such as

those produced by Kuchler (1983) and Ma.tthews (]983).
Each vegetation type wa.s a.ssigned morphologica.1, spatia.1,
a.nd physiological properties based on values Dora the eco-

logical litera.ture (Dorman and Sellers 1{)89). ']7he use of

static landcover classifica.tions made it particularly hard

to quantify the spa.tiM and temporal distribution of phe-

nologicMly varying variables in a credible wa.y, e.g., frac-

tion of photosy_thetic active ra.diation (FPAR) absorbed
by the green fl'a.ction of the vegetation canopy, leaf area

index (LAI), a.lbedo, and roughness length.

The origina.l version of SiB by Sellers et cd. (198(5)
ha.s since been modified to include a. more realistic model

of leaf photosynthesis and conductance as proposed by
Collatz et al. (199], 1992). This leafscale model in the

revised version of SiB, re[>rred to a.s SiB2, describes the

canopy conductance and photosynthesis as a flmction of

physiologieal properties specified for each vegetation type
(e.g., leaf area. index, leaf angle distribution, and leaf and

soil optica.l properties), environn_enta.l col_ditions (pro-

vided by the G(',M) and the canopy photosynthetically

active radiation (PAR) use pa.raLneter 1I, which is rela.t, ed

{,o FPAlq (Sellers et ol. 1992a, 1996a) a.ccording to

II _ FPAR/k, (5.1)

with k being the time-mean (radia.tion-weighted) extinc-
tion coefficient for PAR.

Ill the SiB2 photosynthesis and leaf conductance mod-

els the PAR use pa.ra.mete,' is related to the potential
photosynthetic rate, i.e., tile ra.te of photosynthesis that

would occur il_ the absence of environmental stresses, and

it is therefore essentia.l in processes related to photosyn-

thesis such as tile exchange of carbon, wa.ter, and sensible

hea.t between the leaves and the surrounding a.tn_osphere.

The rela.tionships between the PAR use parameter
and FPAlq on the one hand and the Normalized Dif-

ference Vegeta.tion Index (NDVI) on the other ((]hapter

2.4) make satellite data. an a.ttractive and logical choice
for their esthnation. Sa.tellite-ba.sed methods have sev-

eral additional advantages over methods that derive these

paxameters from static landcover classifcations. First,
estimation of biophysical paran:leters Dora satellite data

results in spatial and temporal varia.tion of these pa.ram-

eters within-classes. This is more realistic than prescrib-
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ing landsurface parameters varying in spa.ce a.nd time a.s

a function of class alone a.s outlined in Dorman a.nd Se,ll- o

ers (1989). Seconcl, model results and field experiments d

for severa.1 broadleaf landcover types ha.re shown a. con-

sistent rela.tionship between FPAIq. and NDVI tha.t is tie- _
pendent only to a. minor extent on model fbrmula.tion a.nd z_

leaf properties (Asrar et al. 1992, Sellers ct al. 1992a.). -_
a "t

Third, complete globa.l coverage can be obtained by obse> e
va.tions t?om one type of inst, rmnent sneh as the Na.tional

Oceanic a.nd Atnlospheric Administra.tion (NOAA) Ad-
va.nced Very High R.esolution Radiometer (X\ HRR). In2 ;

addition to FPAR, leaf area. index can be estima.ted fYom

satellite da.ta. The rela.tionship between NDVI a.nd leaf

a.rea index is not, as strong as the relationship )et.ween
FPAR and NDVI and it. depends on severa.1 fa.ctors such

a.s the ea.nopy structure a.nd leaf optical properties (Asrar
et al. 1992, Sellers et al. 1992a).

To obtain consistent globa.l landsurfa.ce parameters

from NOAA-AVHII.R. NI)VI da.l,a, two issues need to be
addressed. First, of a.ll, the NDVI data. need to be col

retted for the wa.rious interferences summa.rized in Chap-

ter :_: sensor degrada.tion, cloud contaminat, ion, absorp-
tion and scattering by atmospheric constituents, varia-

tions in solar zenith a.ngle, and missing data.; and seeol_d,

relal, ionships must be derived to estimate la.ndsurl3.ee pa.-

rameters from the NI)VI (Sellers et aL 1996b). This cha.p-
ter discusses the correction of the monthly NDVI da.ta.,
a.nd the estimation ofbiophysica.1 pa.rameters FPAFI and
LAI from these.

5.1 Correction of the AVHRR

NDVI Data

The Globa.1 Inventory, Modeling, a.nd Monitoring System
(GIMMS) monthly coutinenta.1 NDVI data. [i'o111 1982-

19.90 (Los e* al. 1994, Cha.pter 4, Appendix C) were used
for the deriva.tion of the globa.1 biophysica.l pa.rameters. To

enha.nce spa.tia.1 and tempora.1 consistency of the da.ta, cor

rections should be applied ['or sensor degradation, cloud

conta.mination, absorption a.nd scattering by atmospheric

constituents, variations in solar zenith a.ngle, a.nd missing
data. ((',hapter 3, Appendix ('.). Severa.1 published eorrec

tions require information on component cha.nnels 1 and 2

data, e.g., sensor degrada.tion and at;mospheric efl>cts, or
information Dora additiona.1 data sources, e.g., da.ta on

atmosphere optica.1 thickness, cloud Dequeucy a.nd size,
and viewing geometry. Beca.use this information wa.s not

a.vailable, approximate corrections were developed t,o a.d-

just the NDVI da.t,a, without recourse to the component
ba.nds.
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Figure 5.1: Departures in. the' Normcdized Diffl-'re'n,ee Vege-
tcltion h_dex over oreas with an overoge NDV[ > 0.5 ver._us
optical thi( kness data obtoined./)'om observations over the Pa-

cific Ocean by Ve:rmote et al. (1994), The fitted equation wos
obtained by (* non-linear r_ressio_t technique (£'tatistical ,5'ci-
enc_:,e1993, Bores ond Watts 1988).

5.1.1 Sensor Degradation

The continenta.l NDVI da.ta were adjusted for sensor

degradat.ion a.nd calibration differences between sa.tellites

with an approximation developed by l,os (1993, 1998, Ap-
pendices A a.nd B). First. inva.ria.nt targets were iden-

tiffed by selecting areas with the lowest tempora.l va.ri-

a.tion. These a.reas with the lowest tempora.1 va.ria.tion

were fonnd in the Lybian and Nnbian Desert. The NDVI
of these areas was assumed to vary as a result of sensor

degradat.ion only, not a.s a. result of changes in vegeta.tion
density. From the variation in the NDVI the ra.te of sensor

degrada.tion a.nd differences in AVHI{R ca.libra.tion were

estimated. The NDVI data were then corrected ['or sensor

degradation without recourse to the component eha.nnels
1 and 2 data.. The root mean sqna.re error of this correc-

tion is 0.002 NDVI or less over a range of NDVI va.lues

between 0 a.nd 0.6. The error a.s a. result of the a.pproxi-
ma.tion is smaller than the error of 2 % in the estima.tion

of sensor degra.da.tion (Vermote and Ka_ffma.n 1995) a.nd
(Tall therefore be neglected.

After the correction for sensor degrada.tion, the conti-

nental NDVI da.ta, were spatially averaged to a 1° by 1 °

resolution and merged into a global data.set (Los e't, al.
1994, Appendi× C).

5.1.2 Volcanic Aerosols

A correction wa.s applied to tlne 1.982 1984 globa.1 NDVI

da.t,a, for aerosols induced in the a.tmosphere by the erup-

tion of E1 Chichon in April :1982 loca.ted in Chia.pa.s, Mex-

ico. A rela.t, ionship was derived between the optica.1 thick-
heSS da.ta, of Vermote et al. (1994), obtained over the

Pa.cific Oeea.n, a.nd deviations in the NDVI va.lues over
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the la.ndsurfa.ce.It wasassumedtha.tthea.m'osolopti-
ca.1thicknesswasconstantwithlongitudea.ndVa.riedonly
withla.titudeandthethnesincetheeruption.Becauseof
thehighmixingratesandstronglongitudina.1component
ofwinddirectionsin theupperatmosphere,thisa.ssump-
tion is reasonableafterseveralmonthshavepa.ssedbut
ma.ynotworksowelldirectlya.F|ertheeruption.

Thedevia.tionin NDVIvalueswasestima.tedbylati-
tudina.1bandtbr theperiodof Mayi[982untilDecember
[984fromareaswil,ha.monthlyaverageNDVIlargerthan
0.5.In genera.l,a.rea.swithhigha.vera.geNDVIva.luesex-
hibit lowtemporalva.riationin NDVI(seefigure5.4,a.nd
Tuckeret al. ]985a.) and it is therefore reasona.ble to a.s-

sume tha.t the devia.tion in the NDVI From these a.reas was

ca.used by the El Chichon a.erosols. A relationship was

derived between the deviation in the NDVI, ANDVIm_x,

a.nd the optiea.1 thickness data. of Vermote et al. (I994;
see figure 5.1),

ANDVI ...... = A(1- _J-'_), (5.2)

with

,J1,/)2 = coelficients estimated with non-linear
regression,

T ---- a.erosol optica.1 thickness.

The deviation in NDVI, ANDVI, wa.s assumed la.rgest for

high NDVI va.lues, ANDVI = ANDVIm_x, a.nd negligible
over bare soils ANDVI = 0. Based on the results of Ver-

mote et al. (1994) the deviation in NDVI wa.s assumed to

vary linea.rly with NDV[.

ANDVI =

ANDVIm_× (NDVI - NDVI,nin )

NDVI ....... - ANDVIm_× - NDVImin '
(5.a)

with

NDVI ..... = 0.54; the lnean NDVI of sites with

monthly mea.n NDVI > 0.5,
NDVImin = 0.0:339.

The NDVImiH va.lue wa.s estimated in Appendix DA.2.

The global NDVI da.ta, were adjusted with optical thick-
ness estimates va.rying a.s a. function of latitude and time.

5.1.3 FASIR Corrections

A sequence of several corrections wa.s a.pplied to the global
1° by 10 NDVI data., collectively ret>rred to as EASIR.

corrections (Sellers et al. 1996b). D\SII{ stancls for

Fourier Adjustment ofoutliers in NDVI time-series, Solar

zenith angle correction, Interpolatioi_ of missing data., a.nd

Reconstruction of NDVI va.lues over tropical rain forests
which ha.ve ahnost continuous cloud cover.

5.1.

=

CORRECTION OF THE AVHRR NDVI DATA

Fourier Adjustment

'.l'he Pourier-1)ased a.djustment of outliers in the NDVI

time-series uses two assumptions. The first a.ssumption is

that the NDVI va.ries smoothly over time. This implies
tha.t outliers in NDVI time-series a.re tile result of either

cloud contamina.tion or sudden cha.nges in the amount of

atmospheric constituents. The second assumption is tha.t
most sources of error decrease the va.lue of the NDVI. This

a.ssumption a.lso jastifies the calculation of monthly max-

immn va.lue composites (I]olben 1986). A [_w exceptions

to this a.ssumption exist, but their effects are genera.lly an

order of magnitude smaller than the general case a.nd a.re
therefore trivial in this ana.lysis.

Outliers in NDVI time-series a.re identified in a three-

step algorithm tha.t operates on one time-series of a. pa.r-
ticular grid cell a.t a time. The first step fits a. Fourier

series (a summa.tion of sine and cosine Functions) through

one yea.r of da.ta, with ordina.ry least squares. Weights a.re

ca.lcula.ted from the distance between the origina.1 da.ta.
a.nd the fi_t.ed curve. Data points above the curve a.re a.s-

sumed relia.ble and are assigned a. weight equa.l to or la.rger

than unity. Data. below the curve are assumed spurious

and a.re a.ssigned a weight between zero and unity (Sell-

ers et al. 19961), Appendix D.4). The second step again

fits a. Fourier series through the da.ta, with ordinary lin-

ear least, squares. For the second step the least squares
solution is altered however; the squa.red differences be-

tween the fitted curve a.nd the da.ta points a.re nmltiplied

by the weights assigned to the data points. For example,

data. points f'a.r below the fitted curve with zero weight-
ing a.re eliminated from the second tit. The minimization

of the squa.red differences used in the lea.st squares crite-
rion thus cha.nges, eliminating the influence of ba.d da.ta.

from tile regression a.nd emphasizing reliable points, in
the third a.nd fina.1 step the origina.1 va.lues and the va.lues

From t.he second fit are compa.red. This eompa.rison serves

to elimina.te overestima.tes. Origina.1 va.hles a.re replaced
by the estima.tes from the second fit if severa.1 criteria are

fulfilled. The Fourier a.c[justment technique can identify
and restore up to two consecutive outliers in a time-series

(compa.re figure 5.2.a.a.nd 5.2.b).

To correct the full 9-year time-series the Fourier Ad-

justment is repeated on time-series of twelve mouths with

six months of overlap between successive runs. From each

run the middle six Inonths of da.ta, a.re used. For exam-

pie, Fourier Adjustment is applied to a. time-series from

January 1982 until December 1982, then to a. time-series
froin July 1982 until June 1983 and so oil. F_rom the

first run, data from January 1982 until September 1982

a.re saved and fl'om the second run, data. Dora October

1982 until Ma.rch /983 are saved, q_'his procedure a.voids

"wra.p-a.round" efl'ects tha.t ma.y occur when December

da.ta, influence {.he correction of' Ja.nua.ry data..
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Figure 5.2: Outline of Eq,_'IR corrections (Courtesy Dr, P.J. ,%ll_ rs, Joh.so_ 5)_ace C_mter):

(a) Origincd NDVI tirne-._erie._ with outlier._ (2 Iowe._t /VDYI vcdues).

(b) NDVI ti_ne-scrie._ ((tier Fourier aclj_stment (El of E4,_'[t_; op('n circle._' arc new e._timate.@

(c) l_elationship between ND VI and .sol_H"zenith a_gle for ctss_tm_d fully green ccmopies. For o given sol(tr zenith angle interval,
the solcu zenith angle _J=j'ect is a._sumed li_zear with ND VI.

(d) lnte_7_olation of missing delta din'in 9 the _vi_tter.

(e) Reconstr_ctio_, of ,,VD VI-time-series over tropical ,fore:sts. The seasoncdit:G _f tropical forests is removed.

Solm' Zenith Angle Correction

'l?he effect, of solar zenith a.ngle on the global NDVI dat, a

is estimat, ed fi'om a. st,a.l,isl,i(:al analysis of NDVI disl,ri-

butions. The sola.r zenith angle effect, was est, ablished

for two situations where intera.nmm.1 va.riation in NDVI

is low: la,ncl(:overs with dense vegeta,t, ion and bare soils

(figure 5.4). The analysis of sola, r zenith angle on dense

vegetation was rest, rioted to landcover (,ypes with i,a ll veg-
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5.2. LANDCOVEI_ CLASSIFICATION

Ta.ble 5.1: Vegetation cover tgpes with cxamplcs of the associate'd properli(s: ma.rim_tm leaf area index, L'I,, ...... ._tem area index,

L_. NDVI at ,5% and 96_, c_f NDVI di._trib_dion.% parameters for the solar zenith angl( correclian kl through k4 (see eq_mtions

D.22 and I).23_ and the vegetation covcr J)'action V (cq_tation D.28). Far the solar angh' corrcclion only, a distinction is made

with.in £'iH2 biome 6 betwecl_ the old 5'ill! biomc 6, which is treated as morphologicallg similar to class I, and 5'iBl biomcs 7, 8,
and 11 which or{ trcah_d a.s morphologically ,_imilar to the short ve'getal:ioa cla.ss¢.<

SiB2 biome LT,ma x L,_

1 7 0.08

2 7 0.08

3 7.5 0.08

4 8 0.08

5 8 0.08

6-6 5 0.05

6 {}{,llel" 5 0.05

7 5 0.05

8 5 0.05

0 5 0.05

NDV[98 % NDV'15%

0.618 0.033

0.687 0.033

0.687 0,033

0.687 0.033

0.687 0.0;3;3

0.618 0.0:3:3

0.630 0.033

0.630 0.0;33

O.(;30 O.O33

0.630 0.0;33

A:t k2 /ca /,'4 V

0.24 2.82 0 1 0.0

0.553 2.51 0 1 0.0

0.553 2.51 0 1 0.5

0.553 2.51 0 1 1.0

0.553 2.51 0 1 1.0

0.24 2.82 0 1 0.0

0.17 1.61 0 1 0.0

0.17 1.61 0 1 1.0

0.17 1.61 0 1 0.0

0.17 1.61 0 1 0.0

etation [SiB class 1 through 6) and agriculture (SiB class

12_. The monthly NDVI dala for 1982. /990 were stra[

ified into groups of similar vegetation types (section 5.2)

a.nd equal solar zenith a.ngle intervals. For example, dala

from a deciduous forest at 50 ° North for July were merged

with data Ii'Oli1 a. deciduous forest at 200 South for .Jan-

uary ithe bias in lalilude is caused by the overpass time

o[' the satellite see figure :L[). The analysis was restricted

lo a.reas with noon solar zenith angles slnaller than 350

bo avoid data fron_ dormant vegetation.

NDVI frequency distril)utions were calculated for each

of the groups with simila.r vegel.alion and equal solar

zenil, h angle intervals. The 98 percentiles of these dis-

tributions were assumed to correspond to fully green con-

ditions. For each vegetalion class, the 98 percentiles were

plotl ed versus {he midpoint of the solar zen i lh angle inter-

val. The 98 percentile values show a.n apparent decrease

in {he NDVI wilh increasing solar zenith angle (figure

5.2.c). The analysis was repealed for NDVI populations

from bare soils a.nd deserts (SiB ('lasses 9 and 11) using

the 2 instead of lhe 98 percentiles. No significant efI_c{ of

solar zenith a.ngle on the NDVI of bare areas was found.

A simila.r conclusion was dra.wn by Los (1998) fi'om an

analysis of sensor degradation eff>cts over desert areas

(Appendix B). This conclusion is at odds with l,he ear

lier study of Sellers el ol. (1996b) where, based on the

analysis of one year of data., a. sma.ll solar zenith angle

effect was found in NDVI values fronl deserts. With the

solar zenith angle effect estimated for two extremes, in-

termediate va,lues were corrected assuming a linear effect

of solar zenith angle with NDVI. NDVI values of the en-

tire data record were restored to va,lues corresponding to

solar zenith angle of 30 ° .

Interpolation

The cloud screening techlfique eliminates da,ta from ar-

eas with a top-of-the-atmosphere brightness temperature

below 273 K (C:hal)ter 4.2, Appendix ('..3.2). This re-

suits in data gaps over large parts of the Northern Hemis-

phere during winter. Missing data are a. problem for the

SiB2/GCM in situations where evergreen trees protrude

through the snow. A zero NDVI value would lead to

zero estimates of lea.f area index and would overestimate

the landsurfaee a.lbedo and underestimate the roughness

lenglh. To avoid these problems the NDVI of needleleaf

evergreen ]andeover types during winl.er was estimated by

extrapolation of the October NDVI \,a.lue (figure 5.2.d).

This assumes that in Octol.)er most deciduous trees in the

boreal forests have shed their lea.yes a.nd that the green-

hess of the land surface as measured by the satellite is

predominantly fl:om needle trees, which a.re assumed to

exist unchanged through the winter.

Reconstruction

The Fourier adjusted NDVI time-series over the tropics

show strong evidence of serious cloud contamination, e.g.,

low NDVI values coinciding with the clima.tologica.l occur-

fence of i:ainfall and cloud cover. To avoid low values in

evergreen broadleaf la.ndcover types, the ma.ximmn NDVI

value over the year is selected for each pixel to represent

the annual time-series (figure 5.2.e) The EASIH corrected

NDVI data axe ta.ken to be indicative of the amount of

green leaves in the vegeta.tion canopy.

5.2 Landcover Classification

A satellite-derived global ]a,ndcover classification (DeFries

and Townshend 1993, 1994) was used for biome dependent

a.djustnlents of the NDVI data and biome dependent es-

{.ima.tiou of landsurface parameters. In a. previous study

(lescribed in Al)pendix D a landsurface classification de-

rived from conventional ground surveys (Matthews 1983,

Kuchler 1984) was used for this purpose. The satellite de

rived landcover classification of DeFries and Townshen(I

(1983, 199,1) was based on Fourier adjusted NDVI time-

series (section 5.1). Usiug one data source to derive a
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Figure .5.3: ((i) NDI.7 time-series for h'opical .l'orcsts of

-tfl'ica, ,S'outh 4tnerico .and Asia, indicating diJfl'rent time-

series .liar similar biota<' tgpes. (b) ,Y/)L,'q time-series ./7)r a

deciduous forest rtnd wooded gras._'lrmd indicating similar tim_-

seri,._ for d_ffercnt biomc tgpcs {Co_trtcsg l)r. R.,b'. D<'l+ics,

University o.[ Maryland ot Coll('9e ]'ork).

ela.ssifiea.t.ion and landsurf'a.ee parameters has the poten-

tim adva.ntage of a greater consisteriey between theni

data are taken fi'oni the same timeperiod by t,he same

instrun)ent a.nd easier implementation in niode]s since

only one source of da.ta, is required (Del"ries and Town-

shend 1993, 19.94). ']'he classifiea.tion I)y l)eFries and

Townshend (1993, ]994)consisted of [bur stages

J. q_'lie first stage o[ the elassifiea.tion was t,he identifi-

ea.tiou of training sites. This was done t)5; COmlmriug

the ]andcover elassifieat.ion front Matthews (l!)83),

Olson et aL (1983) a.nd Wilson a.ud Heuderson-

Sellers (1985). (:ollsi(lerable lack of a.greenient was

found among these three ]andeover classificat.ions.

Where they agreed the accuracy of the ela.ssifica-

m

go
z

o> o
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g
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i j i
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Mean NDVl

Figure .5.4: :r-amis: ,llcan anmtal AiDKI averaged per biom.c

type, ,9-amis standord deviation of o*_ntta[ ;V])I _1 lime-so'tics,

represcntD W the scasonality o.f vegetation, averaged per biomc

typ<'. Numbers indicote th( ,S'i/J :2 lan<h'ovcr tgp<:s (,D'<'llers et al.

1996b: Appcndi.r D.3.2). 1 = broadlcaf evergreen (tropical rain

forest), 2 = broadh.af deciduous (temperate .fl_rest), 3 = mix

broadh.af deciduous and cvc'wrc, c, n(cdh'leaf (tempctvlte and

bore'al ./'orest._), _ = cveq/rccn nccdh'lcc(f (borcrd ./brcst), 5 =

d('cid_zot_s n<<dh'lea/ (Iorim), 6 = dro_lght dcciduou._ woodland

or savannah. 7 = grassland. 9 = shrubs and bare soil, 10 =

tundru, 1 l = bat'(' soil (desert), 12 = ogriculturc.

2.

3.

tioi,s was assumed high and these ]ocatious were

seleei, ed as trainiug sites. The uneerta.inties iu the

classification are of secondary import.a.ce fbr the

derivation of biophysical para.meters in sect.iou 5.3

a.nd Appendix D.

Fourier adjusted, nlonl.hly NDVI tin,e-series for

[987 were exl, racl,ed fbr _he selected training sites.

The auiourlt of dat.a was reduced by selecting da,ta

froni every other Inont, h. The dataset was aiialyzed

separately tbr the Northern alld Southern Heniis

I)heres.

The feature spa.ee was visuall5 examined for each o["

the classes. Outliers were removed and the spat.ial

distribution of" data [31ling in the same elusi.ers was

exalnined. It" data froni the same elusler were in

distinci.ly diftT'reut climate zones, the training sets

were subclivided. For exa.mple, subdivision was re-

quired ['or agriculi.ural crops ])eea.tlS(' spectral signa

tures va.ried widely between eont.ilmnts.

']'he Bhattacharrya. distances (Swain and Davis

1978) between tl> clust, ers were calculated to assess

the separability of tile classes. LaiMeover classes

were coml)ined iu several cases where separability

was poor. For example, lhe SiB2 landeo\er classes

6 (savannah, trees with grouud cover) and 8 (shrul)s

with ground cover) had siniilar temlx)ral profi]es
an(l were l,herefore couibined.
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5.3. DERII'i4TION OF BIOPft}AS'ICAL PARAMETER FIEL DS

Exa.mples of sepa.rabili W problems in the NDVI time-

series o['tra.ining sites are shown in figure 5.3. Figure 5.3.a.

is a._l exa.mple of two simila.r la.ndcover types with different

temporal proliles and figm:e 5.3.b is an exa.mple of' differ-
eut ]and<:over types with sindla.r profiles. The <;onfusion

between <:lasses ca.n be redu<::ed by incorporalting a.ddi

tional data sources. For example, Lovela.nd el al. (1991)
improved a. landcover classifica.tion from NDVI time-series

by incort)ora.ting da.ta, on climate (mea.n precipita.tion a,d
teml)era.ture), elevation, ecoregions, and la.nd resources.

The classification could a.lso be expanded by using data

from additiona.1 AVHI_.R channels, a.nd by incorporat-
ing the landsurf3.ce Bidirectional Reflectance Distribution

Functiolt (BH.DI") l)roperties. These improveme,ts a.re
pla.m_ed tbr future updates of' the eurrenl, classification.

Figure 5.4 eompa.res the mean ammal NDVI a.nd the

seasonal rauge, expressed a.s the standard devia.tion in

NDVI over the growing season, fbr each of the SiB2
classes. Simila.r results were obta.ined in a. landcover

classifica.tiou study of Afl:ica. I)y Tucker et al. (1985a.).
Deserts (class 9) and tropical evergreen broadleaf cover

types (class 1) both exhibit small seaso_m.] va.riation, with

deserts having low NDVI va.hms througho_t the year anti

tropical forests high va.lues (figure .5.4). The largest sea-
sona.] ra.nge is hmnd in high latitude biomes (classes 3, 4,

and 5 consist of needleleaf and broa.dDa.f trees). Sava.n

nah (classes d and 8, both are represented by d) has larger
seasomd variat.ions and sma.ller mean amma.l NI)VI val-

ues than tropical forests. Semi-arid seasoual grasslands

(class 7) have a seasoua.1 ra.nge similar to tlw savannah,
but lower annua.1 lnea.ns. The tundra stands out. as a

unique (:lass with low mean annual NDVI values aud high

seasonal varia.tion, indicative of a short growing season.
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An alternative wa.y to obta.in landcover classifica.tions,
not used for the present study, is from elimalle observa.-

tions such as done ill the KSppen a.nd Holdridge classi-

fica.tions (Prentice 1990), and more recently by eeolog-
ica.lly f'unctk)na.l models (\Voodwa.rd 1987a, Prentice et
al. 1992, Ha.xelt.iue and Prentice 1996, Cramer a.nd Lee-

roans 1993, Neilson (t a/. ]992, Woodwa.rd el al. [9.95).

'These elassifica.tions are based on the interrelatiouships
between vegeta.tion, clima.te the latter defined by long-

term averages of rainfall, temperature, aud eva.potation
a.nd environmenta.l variables such as soil indices and to

pography. Most elima.te based la.ndsurface classifications

implMtly assume landcover classes to be iu bala.nce with

their surrounding (:linla.te a.ud are generally seen as an

identification of natura.lly occurring, or potential vegeta-
lion.

5.3 Derivation of Biophysical Pa-

rameter Fields

13iophysical para.meters, (-.g., leaf a.rea, index a.nd FPAlq,

a.re inf_rred from tile NI)VI using simple relationships.

For horizonta.l/y homogeneons, closed ca.nopy composed

a.lmost exclusively of green material, both theory a.nd
measurements have confil:med that FPAR increa.ses a.l-

most linearly with Simple Ra.tio (SR), which is a. tra.ns-

form of the NI)VI; Sl/. = (I+NDVI)/(1-NDVI). The lin-

ea.rity of this rela.tionship is at lea.st va.lid for homogeneous

vegetation cover with a. dark soil ba.ckground.

Assmning linea.rity, the equation tbr SI_ and FPAR

ca.n be derived when two end points are known. These

two points ca.n be esta.blished with some relia.bilitv from
the NI)VI distributions of a. pa.rtictda.r landcover (]ia.ss in

a. wa.y similar to that discussed in the deriva.tion of the

solar zenith angle correction (figures 5.5.a, 5.2.c). The

98% NDVI is assumed to represeut vegetation with a.
ma.ximum FPAH va.lue FPAHm_x, here assumed to be

0.95 a.nd the 2% desert wdue is assumed to represent

no vegeta.t.ion cover and is a ssmned to correspond to a
FPAI_, va.lue close to 0 FPAI_min, here assumed t.o be

0.001. The relation between FPAFI a.nd SR is then given

by (Sellers ('t al. 19.q6b; figure 5.5.b):

FPA lq =

(SR- Slq.m_n (FPAR_ ...... - FPARmil, )

$I{, ...... - SlZl,nin +

+ FPAI=_n, (5.4)

where Sl_.m_× a.nd SHmi_ are ]andeover dependent va.lues
of tile simple ratio corresponding to the 98% and 2% of

the NI)VI frequency distributions (Ta.ble .5.1). The 2%
and 98(/( values are the same va.lues used for the solar

zenith angle correction, aud are tied to the same vegeta.-
tion classification.

The genera.1 rela.tionship betweeu FPAI_ and green leaf

area. index L_ ea.n I)e described 1)3, a.n exponential equa.-
tion (Monteith and I;nsworth 1990; figure .5.5.c),

log(:l - FPAR)

_ = _"_o_(/_ _'_) (.5.s)

The FPAI]. a.nd green lea.f aTea index va.lues described

a.bove refer only to the green portions of the vegetation
canopy.

For clumped vegeta.tion L 0 can be described with a
linea.r relationship,

L(j = L'_ ...... (FPAP_- 0.001) (5.6)
li'PAl_, ....... - 0.001



CItAPTEI_ 5. ESTIMA_I:ION 0£ BIOPftYSICA L LANDSUFLF'A(%' PAI_AMETEI_S
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FASIR NDVI

0.98

1 - NDVI SR
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m
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Figure 5.5: Derivation of the fl'actio_ of pl_otosynthelicallg active radiation (FP=4 R) absorbed by the vegetatio_ canopy and leaf

area index,from th( normalized difj.rence wgetation i_dex (Courtesg l)r. P.J. Sellers, /V.L%_I Jol_ason Space (:'e_lcr).

(a) celculatio_ o,f 2_ and 98_ valu_,s,from JVD IN fr('quency distribulion._ per vegetatio_ class. The 98X values were derived from

tall vegetation class (assumed fully grce_) attd the 2_ values were derived from d_sert and bare soil a_td shrub clas._es (assumed
bare).

(b) calc_dation of FP_4 R .from ND V[ as._ummg a linear relatio_ship between FP_.I R a_d s'imple ratio, ,5'R = (1 _ND W)/(I-ND VI),
with thc 98_ ,5'1_ value._ corresponding to P]_4R = 0.95 and the 2_ _$'/_ values correspo_ding to I'_P_IR = 0.001.

(c) calculation of lea/: area index ,from FP:4R. An expo_enlial relationship between these two variables is used for broadleaf

vegetation classes (equation, 5.5). /'br vegetation classes _, 5, and 9 a li_tear relationship, eq_ation 5.6, betwee_z maximum leaf
area index and vegetation cover,fraction is a._'sumed.
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5.4. DISCUSSION

La.ndcover classes 4, 5 (evergreen needleleaf, and decid-

uous needleleaf), and 9 (shrubland with bare soil) a.re
treated as clustered vegetatioli types a.s defined in Sell-
ers e't al. (1992a.). In cases where there is a combination

of clustered and evenly distributed vegetation, Lg ca.n be
calculated by a combination of' equations 5.5 and 5.6.

Several other parameters were derived from FPAF{ and

leaf area. index such as the fi'action green leaves of to-

tal leaves, the roughness length, and hemispheric albedo

calculated within the GCM, (Appendix D, Sellers et al.
19961)).

5.4 Discussion

parameters. There are several ways in which the FASIR-
NDVI and biophysica.1 pa.rameter fields can be evaluated

and serious shortcomings can be identified and elimi-

nated. This is the topic of C,hapter 6.

The deriva.tiou of biophysical pa.rameters Dora satellite

data presented in the current chapter has several advan-

tages over the deriva.tion of biophysical paranleters fi'om

landcover classifications and look-up tables, as was previ-

ously done (see Dorman and Sellers 1987).

Satellite derived biophysical parameters show real-
istic variations within and between classes similar to

the variation in the NDVI data, whereas la.ndcover-

based para.meters show between class variation only
(Appendix C).

The cycles of vegetation greening and senescing are
rea.listic, e.g., gree/fing starts at a later time in the

northern edge than in the southern edge of the bo

real forests. These timing differences were not cap

lured in the parameter estimation by Dorma.n and
Sellers (1987).

Sa.tellite derived I)iophysica.l 1)arameters show re

alistic interannual variations (Chapter 9) whereas
landcover-derived para.meters show none.

Satellite-derived biophysical pa.ra.nleters are less
sensitive to errors in the landcover classification

than la.ndcover-derived parameters because they
have only second order dependency on landcover

type (see also DeFries et al. 1997). For e×ample,

the NDVI w_.lue corresponding t,o a. FPAR of 0.95

varies between 0.(518 and 0.687 (table 5.1), hence
laudcover type accounts for at most 10 % of the

variation in FPAR; the va.ria.tion in LAI with land-

cover type is larger, between 6% and 35 %.

Satellite-derived parameters are estimated Dora ob-

servatious by one type of instrument and as a result

have fewer compatibility problems than landcover-
derived parameters.

Validation of biophysical parameters front satellite

data is complicated because few spatially extensive
ground measurements exist, on which to test the derived
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Chapter 6

Evaluation

Biophysical

of FASIR-NDVI and

Landsurface Parameters

Ill (lhapter 5 the correction of Normalized I)ifference

Veget.ation Index (N1)VI) data and the estimation of l)io-

I)hysical paraineters were dis(:ussed. NDVI data were (:or-

reeled ['or:

1. sensor degrada.t,ion,

2. _fffects of volea.nic aerosols,

3. interferences over one or two consecutive months

ca.used by clouds, atmosl)heric effects, or both

(Fourier Ad.iusl.n,ent, I'_\ of FASIR),

el. solar zenith a.ngle effects (Solar zemth angle correc

t.ion, S of I"ASIR),

5. missing da.ta, during willter in the Norl.her_l lfemis-

phere (Interpolation, I of I'\¢SII{),

6. and persistent, cloud effects over i.he tropics (l{.econ-

struct,ion, l{ of FASII{).

The correel, ed NDVI, ret>rred to as FASII{-NDVI, was

used to estimate ia.ndsurface biophysical parameters: the

Fraction of Photosynthetically Active I{adiation absorbed

by the green parts of" the vegel:al.ion canopy (FPAPQ, and

lea.f a.rea, index (LAI). The FASIR-NI)VI data were con-

verted to the simple ratio (SR = (NDVI + 1)/(NDVI -

I. FPA[{, was thell estimated from SR with a. linear

rela.tionshil),

2. LAI was ca.h:ulat.ed from FPAIq with either an expo-

nential relationship (la.ndeover classes 1, 2, 6, 7, 8,

10, II, a.nd 12; see section 5.2 for a. legend), a. linear

rela.tionship (classes d, 5, a.nd 9) or a eonfl)inal.ion

((:lass 3).

Validal, ion of both the I"ASII{ adjusted NDVI values

a,nd of the biophysica.l pa.rameters, FPAR aad I,AI, is

eOml)licat.ed I)y a lack of spatia.lly a.nd tempora.lly exten-

sive da.tasets from other sources. Lacking these da.tasets,
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t,he wdidation of the globa.l FASIR-NDVI, FPAR, and LAI

fields has l,o be based oll eircumst,a,ntial evidence:

1. The l_'ASll:{-correeted NDVI data and biophysh:a,1

Imrameters are checked for consistency in the tem-

poral a.nd spa.l.ial domain. This step is not a.n ab-

solul;e va.lidation but is useful to ident.it_ obvious

prol)lems. For exa.mple, trends in the da.t,a, that

axe eorrela.t,ed wit.h l.he time of operation of sub-

sequent Nat,iona.l Ocea.nie and Atmospheric Admin-

istra.tion (NOAA) sa.t.ellit,es, such a.s sensor degra-

da.tion in the Advanced Very Iligh Resolut,ion Ra-

diomet.er (AVIII].R) (fignre 3.2, Appendices A a.nd

B), axe a clear indica.t.ion of problems.

2. The biol)hysica.1 po_zm_et(-.rs for a. 1 ° by 1° grid (yell

ca.n be compa.red with mea.surements Ii'om large re-

mote sensing ca.mpa.igns, c.g., tthe First. ISLSC.P 1

Field Experiment. (FIFE; see Sellers (t al. 1988),

the Oregon Tra.nseet Ecosystem Resea.reh (OT-

TER.; see Angelic\ et al. 1991, Pet.erson and War-

ing 199-'I), a.nd the Boreal Ecosyst,em-Al:mosphere

Study (BOREAS; see Hall st aL 199a). I[owever,

the areal extent of t.hese sites covers only a. statist,i-

ca.lly insignillca.nt ffa.et,ion of' the globa.l la.lM surt_.ee.

A direct eompa.rison of the FASIR-adjusted NI)VI

a.nd of lhe derived biophysical parameter fields with

site averages may \dent,it)/problems but. will in gel>

eral provide inconclusive results. This type of veri-

fiea.t.ion was therefore not. purslJed.

3. The _vhltionships between NDVI, FPAI{, a.nd LAI

can be verified with relationships estal:)lished from

la.rge remote sensing ca.mpaigns. This compa.rison is

useful ti)r two reasons. First, relationships were de-

rived from the global data without d priori knowl-

edge of resull_s from severa.l of the remote sensing

campaigns. Second, since relationships ean be ver-

ified over a wider range of va.lues t,ha.n pa.ra.meters

I[SLS('.P: international Sat.ell\to Land Surface (',lilnatology
Project
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a.veraged over I ° toy I <. the r<'sults w ll be more valid

t,han a compa.rison of paramet, ers.

Parameters derived from the gl()bal biophysica.I

NDVI da.t,_q can Ire compared with ot,lter global

obserw_tiol s. l'or exainple, the Simple Biosphere
model (Sil32) coupled to a Geuera.l Cireulalion

Model of l.he a.t,mosphere (GCM, uses leaf a.rea in-

dex with leaf arm soil optical propert,ies to ca.lcu-
lale global fields of snow-free a.lbedo These ca.n be

compa.red with a.lbedo da.t.a, derived fi'om a different.

source such as the Earth l{adia.t.ion Budget Experi-
ment (EllBE instrument.

6.1 Evaluation of FASIR

6.1.1 Fourier Adjustment

The Fourier Adjusl.ment (FA of D\SII_I) technique wa.s de-

veloped to remove cloud int,ert_rences a.nd a.t,mospberic ef-

feet,s by identifying out,liers in NI)VI time-series (Cha.pt,er
5, Appendix D, Sellers (-t al 1996b). To {,est. t,he Fourier

Adjust.ment, one month of global NDVI da.t,a wa.s removed

from a. sequence of twelve mont,bs. Va.lues for the missing

month were estimated with t.he Fourier Adjustment. tech-

nique, and the estimates were compared with the original

va.lues. To see if errors were dependent, on the progression

of the growing season, t,his test. was applied leaving out.
data from January, April, July, and October of 1{187.

A1 present, a. complete valida.tion of the FASIR-NDVI

da.t.a and of the biophysical pa.ra.met, ers derived fi'om t.hese

is nol possible. The consistency tests axe useful to identit_v

problems with t,he data. However a t,est, taken by itself

will yield inconclusive results. [1 is only when i_o serious

inco,s_stencie> are revea.led in th resull.s oflhe condfined
lest, s that the level of confidence in lbe da.ta increases.

Z
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Figure 6.1: Evaluation of the fburier Adjustment. The

months of .Jolzuarg, .4pril, .luly, and October we:re *'cmoved

fl'om (t sequence of 12 months and their NDVI values were

estimated with the Fourier Adjustment technique. The figure

shows the .l)'equency distributions of the difference between

the, estimated and the' observed NDVI data with several o1' the

._'tatistics of the' di._tributions (miniwum, 5 per< e,_tile, rne'dian,

95 percentile, n_ctxin_unz). No comparison was mode for miss-
ing volue,q in the observed NDV[ dato.

.Y
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+ ........ + .............. + ............... + ................ +..
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4 SiB class 2,3,4,5,10 X
7 SiB class 7,9,11,12

0 20 40 60 80
Solar Zenith Angle

Figure 6.2: Evaluation of the Zol_tr Zenith Angh' ('orrection.

The efjbct of solor zenith anti(, on NI)VI (ANDVI/AO) es-

timated fl'om the global dotaset (lines mar_cd 1, -4, and 7, see

Chapter 5 and _lppcndix D) is compared with the effect of so-

lar zenith angle oft ground-mcctsured NDV] (top curve') and

on ground-measured :VDVI with the eJJ_'cts of rt clear (optical

thickness = 0.1) ond hazy (optical thickness = 0.:7) atmos-

phere sirn,ulated. JTte. ._olar zenith angle efflct for dashed lines

marked "1" ond "7" (vegetation types 1, d, 7, 8, 9, l I, 12) is

within the simulations for a ch:ar and hazy otwosph( rc. The

solar zenith angle effect for temperate' broadleaf and needl(-,lccff

ve'getation classes :2, 3, 4, 5, and tO (dc_.ehcd li*_(' morked "4")
fie som_,what shvnge'r.

In genera.l, close agreement, between the est,imat,ed a.nd

observed NDVI va.lues was tbund (figure 6.1). Both the
median and the spread of the difference disI, ributions are

small, the median is bet.wren -0.002 a.nd -0.004 NI)VI,
and t.he spread, expressed as the difference between {,he

;5 and 95 percentiles of t.be cliflbrence distribution, is 0.1
NDVI or smaller. A slight skewness exists in the difl>r-

ence distributions of April, July, aud October; i_ April

the skewness of the difference distributions is to l)osil;ive

devia.t.ions, in ,luly and October to nega.t,ive deviations.

34



The sta.ndard error" of all estimates combined was 0.05

NDV/.

Based on the results of the ana lys,s presented ill figure

5.1 it is concluded thai the Fourier Adjust.ment is capa-

ble of estimaling severely affected NDVI values withoul

introducing gross errors, q.'he estinla.tes of nussing va.lues

by lhe Fourier Adjusl.menl a.re ill genera.] conserw_t.ive:

this is evidenced by the slight skewness to negative value.>

in the July and October data a.nd the lack of skewness

in the Ja.nuarv dala. The skewness ill positive depart.ares

ill the estimates /br April, the start of the growing sea.-

sol; for rues1 of tile Northern Ilemisphere. indica£es tha.1

the Fourier Adjusl, men{ may overestimate NI)VI when

la.rge seasona.1 eha.nges occur ill vegelation. This intro-

duces ina.ccuracies on tile order of 0.1 NDV1 for specific

sites, but the errors are nmch smaller tbr the general case

For certain aplolica.tions, ma.inly local a.ncl regional, the

nqa.xilnunt error may be unacceptably la.rge. For imple-

menting I;he FASIR-NI)VI data ill a glol0al genera.1 clr-

culalion model, typically running a.t resolutions of 4 _ by

50 or larger, the bias (average errorl in the estimal.es is

more importa.nl lha.n the white noise (spread,. ]_he av-

era.ge error is sma.ll and well-behaved and therefore no

particula.r prololems associated with the Fourier Ac0usu-

meat are expected in lhe al mospheric General Circn la.tion

Model (GCM ,.

6.1.2 Solar Zenith Angle Correction

Tile solar zenith angle correction adjusts NDVI values

for effects related to variations iLL time of overpass of lhe

NOAA satellite. Validalion of the solar zenith angle a.d-

just.meat _S of DkSII_I is complicated because it depends

oll severa.1 t'a.ct.ors, such as {.he landsurface bidirectional re-

flectmme distribution fimction (BRDF,. the composition

of the atmosphere, and the wewing angle. Global da.ta on

these factors are nol available a.nd a thorougll valida.tion

is therefore not. possible. The solar zenith angle correction

derived Dora the globa.1 da.ta, was evalua.ted by comparing

it with sola.r zenith angle effects oblained from a. model

si udy and by checking time-series of corrected NDVI data

for coasts| ency.

TILe variations ill NDVI with sola.r zenith angle at the

top of the a._mosphere a.re expla.ined by contributic us fi'om

tile landsurfa.ee BRDF a.nd lhe atmospheric HRDF. The

landsurface BRDF lbr a FIFE site was estima._ed by fit-

ting tile [{oujean model (Roujea.n ¢1 al. 19.(_)21 lhrough

gronnd-measured NDVI da.t,a, measured from nmltiple

viewing a.ud sola.r zenith a.ngles (Deering and Leone 1986

Deering _t el. 199261. The a.unospheric effects wew su-

perposed on the landsurfac_ BRDF by running Iwo sin>

ulations wilh [he Second Simulat ion of Satell re Signal in

1.he Solar Spectrum 6S IVermote el. al. 1995,: one Ibr a

continenta.1 mid-la.titude a.tmosphere with a high a.erosol

oplical thickness of 0.5. a.nd tile olher for a. cont.inemal

6.1. EVALUATION OF FASIR

mid-latiludc atmosphere with a. low aerosol optica.l thick-

hess of 0.i _figure (5.2). The ground NDVI from the Rou-

jea.]q model, upper line in figure (5.2, is high and increases

with so/ar zenith angle. The tel>of-the-atmosphere NDVI

predicted by 6S is lower and decreases with solar zenith

angle , lines marked "x" a.nd "+" ill figure (5.2).

Table 6.1: Coe_cient._ to correct the NDV[ for solar zenith

angle effects with equation D.24. The coe'fficiet_,ts in this study

were dcrivcd /:mm globcd NDVI observations and arc class dc-

pendent /Chapter 5, Appendix D), Privettc et al. 1995 &rived

coefficients p'om a model study using a phgsically based BRDF

modH and on atmospheric model, ond ,gingh (19&5') derived co-

ejficicnts with a ('one model and an otmospheric model. Both

the Frivctte ct al. (1995) and the Singh (1988) coefficients ore

independent of htndcover type.

'Ellis study

SiB class kl ku

1,6,8

2,3

4,5,10

7,.9,11,12

0.240297 2.821580

0.552917 2.506860

0.552917 2.506860

0.1701.76 1.(509080

Privette et al 1.(_)95

Atmosphere kt k2

clear 0.2921

hazy 0.6014

3.751

2.687

Singh 1988

1,:1 k_

0.739 1.602

The statistica.1 ana.lysis of globa.] NDVI da.ta. (Cha.p-

_er 5 Appendix D, shows a dependency of NDVI on so-

lar zenilh a.ngle for SiB2 classes 1, 6, 7, 8, 9, 11, and

12 between the two scenarios for different atmospheres

simulated with 6S (figure 6.2), indicating that the top-

of-the-atmosphere sola.r zenith angle effect, is domina.ted

by the ra.diat, ive properties of the atmosphere. The sola.r

zenith a.ngle effee_ estimated for classes 2, 3, 4, 5, and

10 is slightly stronger. The solar zenith angle correction

was held constant for solar zenith angles larger than 600

(figure 6.2_ because its estimation was deemed unrelia.ble

for these angles. Overeorrecling NDVI valnes as a. result

of overestima.ting the solar zenith angle effect is therefore

lik( ly uo be a. minor problem

Comparison of solar zenith a.ngle effects estimated in

the current study with the studies of Privette yt al. (1995)

and Singh (1988 FFa.lole (5.1, Appendix I).4.2) show tha.t

the current estima.tes for all SiB2 classes are between the

estimat.es of Privetl.e el al. (1995) for a clear and hazy

sky. Sin gh (19881 estimates a. much stronger solar zenith

a.ngle effect. Application of l.he Singh correction results

m a. shift ill lhe liming of the peak of the growing sea.son

to la.ter months of the year (Appendix D). This shift in

seasona.lily is nor rea.listic and is not observed when the
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). (b) ,'\1)VI versu.s FPA 14 .frm_t th,' grcc'n J)'action of the I_avcs (�)lad and Walter ,%ca 1.9.9/t; see also Itall et al. 195)2) (c) NI)VI

versus FPA R .b'om IM' OTTER field canzpaig,_ (.IngHici <t al. 19.9l). (d) :YD I,V v_'rsu.s FP. IR from a BOREA,S' blact,; Sl)rUcc

.sil_ and a t_ORt'/.4Z pim' ._il_' (data provhhd b:q Drs. C. l.l'a/th.ell, P. l_ich. K.P. I/uemmrMh and tM' BOI_EA,5' in.formation

sU.,'tcm). (r.) ,YDI"7 vcrs_ts FPA]? ./)'ore a 13014£.1,5' Ispe'n sit_ (data provided by Dr.s. (.'. ll"nlthalL P. Rich. A'.P. Htt('mrnrich,

and tM BO14EA,_' i_d'ormation ._u._tcm). (f) NDI-I v_rsus FP. 1 R from a BORE4,5' cite (.,'co (.7_:n 199d). (.'1) Mca._'ur, d FI'.'IR
vm'stt•_ cstinmte'd FP i R from datascts in b-.f combined. Solid line is 1 to 1 rHation.d, ip between csthnatcd and m(a._ured FPI R.

(.'rosshairs indicate' mc'nn nnd spread in c.stimctt_d (horizontal) and measured {_,crticnl) PP. 1R J_)r scv(** intervals of (._'timate'd

FP.! R. (h) ,_'nm_' ns (g) b_tt for k'FAt{ e'slimated•/)'om ,_'H-I'FA R moch'l. (i) ,_'cmw as g and h. but with FP4]¢ c._tinmted.from the

u_e'en YIL1R <:._ti*nate._ in 9 and h. 6'ompari._on of th<' ._olid 1 to I line with the <'rosshairs indicates e large bias in the e.stimates

of I"lL414 from Arl) VL a .smaller bia•_ in d_.c c._'linmte.•_ of FPA t_ from SR. c,M the smcdh.._t bias i_t the e._limalc•s of FP_|R from
Ihe mcc,_ F'F_I R e.slimalcd bg lh.c ZR- I"IGt R <rod ND I'I-FP I R modd.s.

correct.ion ol)taiaed in the current study or the sl.ud3 by

Erivel,te dt aL (].995), is applied.

13ased on the analysis h_ the current sl,mly and other

studies, 1,he solar senit:h angle ef[eci, [ro,u tile statist, ical

k}lJar]_,'14i,% of globa.] data seen,s pla.usil)le. (riven thai, acldi-

l;iona.l da.l.a on viewing geonieLry, la.ndsurfa.ce 131{DF, and

a.t,mospheric composition a,re laddng, a margin o[' uncer

t.a.inty remains.
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Figuw (i.4: R<lalion..d+ip between ,VD V[ corrected for Ragh'igD
_c'altering and ozone absou)lion ' and 'u_correct¢_d A:I)VI. Data

mel e taken .from a k'-,S' transect through A.h'ica ,/)'ore Ih.c £'a-

hara. through tl_.(' e'qualorial ./))re'st and into soutl,'rn A lO'ica.

Dala are' .I)'Om Aro.IA -9 mrrrintum NDI7 composites of Morch
1995.

6.2 Evaluation of Relationships

Between NDVI, FPAR, and

LAI

In (lhapt;er 5 a,n outli]m was given of the relalionships be

_ween tile global 1° by 1 ° NDVI, FPAH, and LAI fields.

NDVI was conver{.ed into Simple Ra(io (SLY), I"PAR was

estimated frolll SI_. "_vit_l a. liiwar relationship, a.ild LA/was

esIimated h'om b_PAI{, with a, expoHehlial relationship.

Tile rela{ionship derived froln Ihe global dala. axe verified

with obscrvalions from FIFE, OTTER, and BOHEAS.

Validation of r_latiol_,skil).s is preferred over validation oF

parameters averaged over 1° by 1 °, because the rela.tion-

ships can be evaluated over a. wider range o[" vahles a.nd

th, resulls there[bre have more validity.

6.2.1 FPAR

Relationships between FPAR arid NDVI were derived by

relating the maximnm and minimum NDV1 fbr a la.nci-

('over class to an assumed maximum and minimum FPAH

(Chapter 5 arid Appendix D). hHermedia.te FPAH values

weft estimated assuming a. linear relatiorlship with SH

which can be expressed as a. tra.nsfbrmation of the NDVI

(SIt- (l NDV1) / (] - NDVI); sec Cha.pler 5, AI)-

pendix D . An issue of some &'bale is whether FPAR

is linearly relaled to lhe NI)VI (this model is ret>rred to

as {lie NDVI-FPAR model) or to the siml)le ralio ({,his

lllodel is referred Co as the SI{. FPAI{ model). To see iF

one model is to be prefbrred over lhe other, I"PAR was

estimated with bolh models using lhe same min immn and

ma.xilmlm NDVI values.

The com/)arisoH of relatioHships derived fPom saC,el-

l(re data with relationships derived from ground-lneasured

data is eonipli{:ated because (.lie t.op-oF-the-atmosphere

nmasured ND\:I values are between 0.1 and 0.2 NDVI

lower thaH ground-meas,,red NDVI va.lues (sections 3.5

and 3.7). 'Thtm the NDVI-I,'I)AI_ a.lld SR FPAR mod-

els derived from the global NDVI da.ta will overestimate

FPAR values when a.pplied to gromld-measured NI)VI

da.ta. To (:ircu],wellt this prol)lem, N I)VI-FPAI_ and Slq-

FPAH models were derived from the groined data similar

to |.lie a.na.lysis of the global dat.a (Cha.pt.er 5, Apl>endix

D). A maxilliu ui FPA H value of 0.95 was assumed to col

respo]id to the 98 percentile of the distributio]] of NI)VI

va.h,es For a site. 'This assumption can only bold true if

one or nlore valuos of" the distribution have FPAH vahles

of 0.95 or higher. 'This was the ease tbr the BOREAS

and OTTER data, but not for the FIFE da.i,a. For the

FIFE da.ta, the NDVI (x)rrcspondil]g to a FPAR of 0.95

was estima.t, ed D'()iI] the Scat,tering D:oi/l Arbitra.rily In-

clined Leaves (SAIL) niodel (Verhoef 198q; see Figure

D.3). The lnil]in]um FrAIl. vahle of (}.0(}1 was related

to the bare soil NDVI value ['roll] the global dataset. Tiffs

was necessary I)eca.use the FIFE, OTTER, a.nd B()III+2AS

da.ta were t.aken Froin vegetatecl a.reas aiid estilnates of

bare soil NI)VI were lacking. For the SH-FPAR lno(le]

the l]_ii/iiiltilii aqd taTaxJil]lilil NDVI values were converted

to ll]hiiniuiii al/d ulaxiii/tnn SI{ vahles. Note t,]/at coiii-

parisOll o[' groiiild-llleasllred rela,(,io]lships I)etweei/ FPA]{,

and ND\"I an(I ['PAl/ and Nil with satellite-derived re-

lat:ionshil)s iml)licitly assumes a near-linea.r effect of the

atniosphere Oll the NDVI.

The FPAIi-NDVI model and (.lie FPAI{. SR model

were ('valuated with da.ta from FIFE (figure 6.3.a, b), OT-

'I'ER (figure 6.3.c), and {.he BOREAS ca.mpa.ign (figure

&3.d, e, f). The relationship between I<'PAR a.t]d NDVI

from the FIFE data was derived for a. inixture of' green

a.nd dead lea.yes (figure 6.3.a) a.nd for the f?aetion of'green

leaves olfly (figure 0.3.b; see lla.]l et aL 1992). The re-

lationship between FPAR and NDVI for the mixture of

green and dead leaves shows a la.rger sea.tter a.nd has a.

larger root mean square (\MS) tha.n the rela.tionship for

the green Fra.ction. Based oil the data. of figure ($.3.a.a.nd

0.3.1), Ha,I1 el al. (1¢)92) concluded that N D\;[ was rela.ted

to FPAR a.bsorbed by the greeil pa.rt of the (;a]lopy.

Of the two a.lternative models I.o estima.te FPAR,

the St{-FPAI{ model Pesuh.s iu better esCima.tes for the

HFE (la.ta (COml)a.re solid (SbI-FP/\17 model) a.tid dashed

(NI)VI FPAII model) lines in figures 6.3.a and 6.:l.b). The

li/a.rgili o[' error, given by the ].{MS, is ['a.ii'ly la.rge: I)e-

tween 0.15 (figure 6.3.1)) an(I 0.22 (figure 6.3.a.) for the

Sl:bl<'P/\b7 relationships aiid between 0.27 (figtli:e {i.3.b)

alld 0.dd (tigure (J.3.a.) ['or the NI)VI-I<'PA I] rela.tionships.

l"or O'TTEI]. the fra.{;tion ()f'ilitercel)ted photosynthet-

ically active radiation al)sorl)ed by the (:anopy (FIPAH)
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was mea.sured instead of tile FPAII. (figure 6.3.c). For this

discussion FIPAR a.nd FPAR are eqniva.lent; in rea.lity

they differ by a. sma.ll fra.ction-- the a.mounl, of upwelling

radiation from the ca.nopy in the photosynthetically a.c

rive ra.dia.tion (PAIl.) band. For the OTTER caanpa.ign,
the FIPAR values from simple ratio are underestima.ted

a.t the mid range of NDVI (NDVI = 0.4). The estima.tes
of FIPAII. from NDVI do not show tfiis bias. Because of

the small number of da.ta., a. definitive conclusion (:a.nnot

be drawn from the oq_'TEil data a.s to which model is
prefera.ble.

The BOREAS data show mixed res,lts fbr l.he SIl-

FPAR a.nd NDVI-FPAI/. estimates. In figures 6.3.d a.nd

6.3.e the NDVI-FPAIq. model results in slightly lower er-

rors in the FPAR estimates than the Slq.-I"PAR model,

wherea.s in figure (_.a.f the reverse is seen. Note tha.t fig-
ures 6.3.d and 6.3.e show a la.rge spread in the da.ta.. This
spread could be the result of inconsistencies in measur-

ing FPAI{. a.nd NDVI. FPAR was estirnated from henri-

spheric photogra.phs taken in upward direction fl'om 1 m

a.bove the ground and therefore ignore the contribution

of the first meter of vegeta.tion (understory, lichens, a.nd
lower parts of the canopy). NDVI wa.s measured dowi>

wa.rd from a. poiut a.bove the canopy and is therefbre an

integra.l measure of all vegetation in the vert.ica.l and is

also affected by the soil background reflecta.uce. As a re-

sult, the FPAR measurement, s could be low coml)a.red to
the NDVI measm:ements. Data collected Dora a differ-

el_t, BOREAS site (C,fie_ 1996) show a. close,' fit. fbr the

SR-FPAR model than for the NDVI-FPAR mode]. The

BOREAS da.ta cover only part of the entire ra.nge of NDVI
a.nd FPAI{ values.

To establish which model performed best, the NDVI-

FPAR or tfie SR-FPAI_. model, the da.ta, of figures 6.:_.b f

were combined in figures 6.:_.g and h; fignre 6.3.i shows the
results of a third, intermedia.te model. For this intermedi-

ate model the estimates of FPA II. from the NDVI-FPAR

a.nd SIq-FPAIq. models were averaged. The reason to in-

corpora.re a.n intermedia.te model is tha.t the other two

models seem either to overestima.te FPAR (NDVI-FPAR

model) or to underestimate FPAR (SII-FPAR model).
We discuss these three models with a.n a.nalysis of va.riance

(ANOVA; Table 6.2).

In terms of (.fie IlMS, the estimates of FPAR from the

Simple Ratio (IlMS -- 0.20) are slightly better than the

estimates of FPAII. from the NI)VI (RMS = 0.24). The

perfbrmance of a. model should not be evah, a.ted only in
terms of its total residua.l error but should a.lso for its

systema.tic devia.tions. Tfie scatter plots suggest overes-
limated FPAIl va.lues from the NDVI-FPAIq model and

underestima.ted FPAIl values from the SR-FPAR model.

The bias is seen more clea.rly when data a.re divided into
groups a.nd the mea.ns of estimated FPAR and measured

FPAR plotted. To i_vestigat.e the bia.s in ea.ch of the

models the results were tested {'or a lack of fit (Draper
a.nd Smith 1981).

In figure (i.a.g the x-axis, indica.tiug the FPAR va.lues

estima.ted fl'om NDVI, is divided into 7 groups with ap-
proxima.tely the same number of da.ta.. For each of the

groups the average estimated FPAII and average mea-
sured FPAII were ca.lcula.ted. The vertical lines indica.te

the spread, the mea.n plus or minus 1 × the sta.nda.rd

devia.tion, in the measured FPAIq fbr ea.ch group, a.nd
the fiorizonta.1 lines indicate the sprea.d in the estima.ted

FPAR va.lues {br ea.ch group. If the model were to predict

un biased FPAR values, the means o{' each group should be
sutficiently close to the 1-to-1 line. A bias in the model es-

timates can be tested cltla.nl,itat;ively by splitting the resid-

ua.1 stun of squaxes the sum of squa.res of the dif/>renees
between the model estimates a./_d the mea.surements into

a. sum of squa.res attributable to la.ck of fit and a sum

of squares attributable to pure error (Draper and Smith

1981, Table 6.2). An F-va.hle is calculated by dividing the
la.ck of fit mean squa.res (sum of squa.res divided by the

degrees of freedom) by the pure error mean squa.res.

The F-va.lnes indicate the largest lack of fit tbr the

NDVI-FPA Il model and a sma.ller but still significant lack
of fit a.t the 5% confidence level for the SIZ{.-FPAR model.

The F-vMue fbr the intermediat:e model indicates no lack

of fit,. The intermedia.te model is given by

FPAII = _ FPAIq.NDVI + (1 - _,)FPARsR. ((5.1)

With _, a.rbitra.rily set to 0.5, FPAI{.NDVI is the FPAR

estimated with the NDVI-FPAII model and FPARsR the
FPAR estima.ted with the SR-FPAII model. Given a. situ-

a.tion without a p,_iori information from which to choose,
the NI)VI-FPAII. or the SR-FPAIq model, the intermedi-
ate model ma.y be a.n a.lternative.

Two issues remain to be discussed. The first is t.he ef-

fect. of sca.ling and the second the effect of the atmosphere.

Scaling from high resolution da.ta, the FIFE, OTTEII,
a.nd BOREAS mea.surements, to low resolution da.ta, 8

km AVHIq I{.da.ta, or global 1 ° by l ° data., will reduce the

noise a.nd both FPAII and NDVI va.lues will regress to-
wards a li_e through the center of the scatter. The RMS
will have values closer to the centers of the cross-hairs ill

figure (6.3). Thus the error in the NDVI FPA H. model will

be (:lose to 0.2 FPAR, the error in the SR-FPAR model

will be close to 0.1 FPAR, and the error in FPAR with

the i,termediat.e model will be close to 0.09 FPAR.

In our analysis of FPAR-NDVI rela.tiouships the ef-

fect of the atmosphere was ignored. Figure 6.4 shows the
rela.tionship between uncorrecl, ed NDVI a.nd the NDVI

corrected for II.a.yleigh sca.ttering and ozone absorption

in the a.tmosphere. The atmospherica.lly correcl;ed NDVI

(;all be estimated Dora the uncorrected NDVI by multi-

plying with a consta.nt fa.ctor. The root mean squa.re error
of this simple model is aboul. 0.0 I.. This error is one or-

der of maguit_de smaller tha.n the error in the SR-FPAR
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6.2. EId4L[L4TION OF RELATIONS'IIIPS BETWEEN NDVI, FP'IR, AND LAI

Ta.ble 6.2: Analysis of variance of alternative models to estimate 1"1£4t_ from NDVL elf is degrees o.f freedon+, ,%' = ,%m of

,ffquares, MS is Mean ,5"quares. Model Sum o] Squares and degrees or freedom and Residual ,%tin of ,qq•aares and degrees of freedom

(rows 1 and 2 oJ"tabh:') add up to Total Sum of Square.s and Degrees of Frecdon_ (row 5). Lack of Fit Sum of ,C;quares and degrees

of f+'cedon, (row 3) and Pure l_r,'or Sum of Squares and degrees or freedom (row 4) add up to Residual Sun+ of Squares (row :2).

Me'an of ,5'q_+ares are calculated a.s the Sum of Squares divided by the degrees oJ freedo.m. F-ratio is the ratio between the mean of
squares (see text for diseussion).

NDVI-FPAI{ model SR-FPAR model (SR, NDVI)-FPAR mode]

Source d f SS MS F-ratio df SS MS F-ratio df SS MS F-ratio

Model 1 34 34 583 1 36 36 898 1 37 37 119.5

lqesidual 88 5.1 0.058 88 3.5 0.04 88 2.7 0.03

Lack of fit 1.6 0.099 3.6 1.76
Pure el'FOr

Tota.1 Model + Residual

16 3.2 0.2 7.5

72 1.9 0.027

89

1.9 0.026

3%2 39.2 89 3q.2

16

7289

(a) FIFE (b) BOREAS

++i +,• /'" • I

C U) O3 / • • •• •
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: .,- • •
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16 0.76 0.05

72 1.93 0.027

(c) BOREAS
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Figure 6.5: Evaluation oJ' FPA R LA I relationships. The dots indicate ground-measured FP_IR versus LA I. The solid lines show

the exponential model and the dotted line the linear model used to estin+ate LAl.from I_'IOAR. (a) Total (jq'om both live and dead

vegetation) FPAR vcrs,ts total LA I measured at the l+'lFt+;field campaign (,5'hah and Kanemas.u 1.99_). (b) I;Y'AR versus LAI

J)'om a BOREAS sit(:: (Chen and Cihlar 1996). "l'he solid line' sh.ows the e:rponential model and the dotted line the linear model

used to estimate LAI from FPAR. (c) FI'AR versus LAl.l)'om o BOREAS sit( (data provided by P. Rich, K..F. Huemmrich,

and the BOREAS information system). The data marked "N" indicate measurenzents .l)'om needle' leaf vegetation (either black

spru(e or jack pine) and the data marked "A " indicate measurements fl'om an Aspen site'. The solid lin_ shows the exponential

model to estimate LA [ fl'om FPAt_ for needleleaf vegetation, the dotted line tit( linear model for needleh.af vegetation, and the

dashed line the e.rponential *node'l J'or deciduous broadlec d' vegetalion. Note that the fit oJ' th<' linear model is inadequate fi>r bath
(b) and (e).

model. Thus by ignoring the effects of the atmosphere a

negligible error is introduced in the estima.tion off FPAR.

6.2.2 Leaf Area Index

'['he relationship between leaf area. index (L A I) a.nd FPA R

was eva.luated with da.ta, from the FlEE a.nd BOREAS ex-

periment.s. The FlEE data show close agreement between

the model and the mca.sured FPAR versus total (live and

dead) leaf area, index (6.5.a.).

Figure' 6.5.b compa,res the FPAR versus LAI rela-

tionship fbr needleleaf evergreen vegetation type (bla(:k

spruce) with BOREAS data. These da.ta, indica.te tha.t

the assumpt.ion of linea.rity between FPAR and LAI for

cluinped vegetation that wa.s used to derive LAI from

satellite observa.tions (Chapter 5, Appendix D) does not

hold a.t the ca.nopy level. Thus equa.tion 5.6 should be

modified to vary the leaf area. index both as a. linea.r rune-

tion of the fl:a.etion of vegetation (:over to include the effect

of clumped structure of vegetation and as an exponential

flmction of FPAR to represent the exponentia.1 rela.tion-

shil) a.t the canopy level.

Figure 6.5.c confirms the results in figure 6.5.b. Both

the needlelea.f vegeta.tion (marked "N" in figure 6.5.e) and

the deeiduotts broa.dleaf vegeta.tion (Aspen, ma.rked "A"

in figure 6.5.c) show an exponentia.1 rela.tiortship. The

model used to estimate LAI fbr broa.dleaf vegetation tends

to overestimate the LAI of Aspen trees by about 50%.
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Figure 6.d: Evcduatio,_ of olbedo .fidds. ('omparison of albcdo dcriv<'d from the' 5'imple Biosphere modcI (,S'iB2: scc Sellers ct cd.
199d(_. IOOdb) with albedo d('riv_d fron_ the I(nrlh I_ndintion t_udge.t tdzpe'rimcnt (ERBE: se_ Bark._trom cl (d. t990. Harri._on et
al. 1990) t)g l, nd('ovcr class .for ./ulg 19_¥7. lTw onc-to-on_ li_( is drown .for con_porison.

(,) All landcovcr clos.,'cs (ombin(d. (b) Ih'oadh'nf cvc,:qrccn u_getotion. (c) lh'oadl(af dcci(Mou._ vegctotion. (d) Miz('d necdle-
Ic((f and brondh'af vegetation. (_) .\_'cdldeaf evergreen v_'gctation. (f ) Ne,dh.h.c(f decid_ow,. ve.qet,tion. (g) Lb'ought deciduou._

woodland o,,d savonnc(h (h) Crn.,'.dnnd (i) .%,'ub._ nnd ba,'c ,'oil. 0') Fm,dro. (I,:) Desert (bare soil). (I) Agricvlhtre. (.,'ec to.,4 /or
di._cussioi_).

6.3 Comparison of SiB2 Albedo  ,ype

Fields With ERBE Da a
1.

The Simple Biosphere n,odel combines the estimates of

leaf area i_clex with landcover class-dependent leaf' aud

soil optical properties in a t.wo-streanl canol)y radiative

transfer model to cah:ulal:e snow-free albedo fielcls (AI)-
I)en(lix I).6.2). These fields were generated iu an off-liue

n_ode ai. 1° ])y I ° resolution (DazlM_ ]995)similar to the

wa3 dw Sifl2-(;(hYl general.es these fields (Sellers (/ at.

199db, 1.99dc, Randall e_'(d. 199d, Appendix i[).(3.2), l':sfi-
lllal,es O[' global fields of hmdsurf'ace albedo are also avail

able from ol)servat.ions I)y tim Earth Radiation FJudget
l'3xperinlent (EI-I.13E) il_sl.run,eni. (Barl;slL.roni _t at. 1.q.q0,

Ila.rrisou _! cal. 19!)0). The I!]ILI}I£ albedo estimates were

(xmll)ared with 1.he SiF;2 all)edo estimates by landcover

2,

for July 1987 (figure 6.6).

The SiB2 a.d ERBE a.lbedo estimates for a.I] (:lasses

combh_ed show reasonalole agreement for a large
cluster of data. (figure (5.6). llowever, in severa.l

cases I']RBE shows high a.lbedo va.lues (> 0.5) where

Sil32 has low a.lbedo values (< 0.2). ']'his dis(:rep-
alley between SiB2 a.nd El{BE a.lbedo estimates oc-

curs in high latit, ude biomes (figure 6.6.e (evergreen

needlelea.f), d.d.f (deciduous ueedleleaf), 6.6.j (tun-

dra) a.nd (5.d.l (ha.re soil) ) and can I)e explained by
etfecl.s o[' residual snow in the EHFIE data. tha.t are

not, present, iu the SiB2 snow-free albedo estimates.

The Si132 est.imates show a much smaller spread
in t.heir estimates thau i.he Efll3E albedo for most

classes (figures (}.d.b f', 6.6.h, (i.d.,i). This is due to
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I,he specification of SiB2 soil &ll([ lea[' op{ical prop-

el'ti{,s whM, vary as a fum't.ion of laadcover ('lass.

3. I"t> SiS2 es_,inmlos are lower lbr Imedleleaf land-

cover l.ypes ,class all( 5. tiglJre 6.(].e f). Meas-

ttre[ltellI, s lroln Ill( BOHEAS field ca.nlpa.ign indi-

tale a lbedo values I)elween 0.07 aud 0.11 for needle-

leaf vegetalion ,lhe domilmm, cover {,ype in laml-

'over ('lass I,. 1)elween U.19 a.n(I 0.20 Ibl' grass-

lands, and w,lues in belween for I)roa.dleaf deci(I-

uoH'_ trees (l{eils. l)ersona.l COll]ll]l uica{,iOl], Sollers

el (ll. [.9()5}. For lho elll.[l'e 1)orea.1 I'()resl the aJbedo

was in the ul)per rauge of I>eclleleaf all)ode vahies

('los(' to 0.11/ Thus for ne(Hleloafvegetation the

SiB2 albedo es/li[l]&lle < Seelll Hlo,'e rea]is{,ic lhal] {,he

I']blBE a.ll)edo estii]la.tes.

The SiS2 and I']RBE albedo (la.ta. caa also be eva.luaie(I

by COnlpariug {,hem with {.he FASII{-NDVI dala. All)ode

va.hlos are expected t,o de{'rea.se wil.h ire'teasing NI)VI be-

('aus_))are soils t.e_ d t,o be br ghler aud have h)wer NDV[

vahles (han -lotse veget.a{,iou. Th rela./.ionshil)s belweeu

{,he Sil{2 allH El{Bit albedo esti_iia_es were ('ompal'ed wii.h

lhe I%r\S1R-NDVI data Ibr SiS2 I)iome lypes ] (evergreeu

t)roadleaf', n ((ll'oughl-de('iduous wood land, or sa.van uah)

and 7 tgrassland: se, fi<,ure 6.7,. This comparison re

veals (hree (lifter(m'es. Firsl the El]BE albedo versus

NI)VI scalier shows a eOl|Linuous cluster, whereas Ihe

SiS2 all)e(Iu vePsus NDVI s('au.(r shows two dislinc'{, clus-

tel's: OllO l(-)r ])iOllh. lype I ,COllier a.l. albedo - 0.12 and

NDVI - {}.4i all( one for ])io|ue lyl)e 'i anH 7 ('olnl}iued

center a_ all)('(lo - 0/2 all(] NI)VI - {}.q). Se{'on(I, the

ElliS1'; al/)edo values have a negalive rolali(nshil) wil.h

NDVI wherea8 the ,,,,)(_rah SiS2 albe(l- 'luslers have a

positive relationship wil.h NDVI. Thir(I. with de{'reasi|_g

NDVI the ERI3E a lb, do 'onverges /.o _l vahie a.roulid 0.3

whereas the SiS2 a.lbedo ('onverges to a value around 0.17.

'l'h( clil['eren_< belween the SiS2 all)ed:) versus NDVI

scat./.er a.l,J ihe EI_,BI_ all)e(lo versus NDVI scalter can

be explained 1)y IlIe soil OlOti(-al prep(riles aud leaf Ol)-

ucal l)rO])('rties assigned to each lauJcover class in SiB2.

'i'll, y are not Ihe l'eSlll_ el" the forml, laiiol_ of the radiative
sul)niode] ill SiB2.

1. The ('hIslori,g iH the SiB2 albedc versus NDVI scal-

ier plot (/igure 6.7.1) and (l, ca.n be explained I)y t.]-Je

fixed soil and leaf Ol)ti(.al )roperl.ies. hi reality, (he

leaf and ,.,,i)e('ially the soil oplical l)rOl)crt.ies w_ry
gradually wit his a n(I bet.ween 1)iomes.

:Z The use of a coi_stant, dark ]'etloda,lce soil 1oa.{'k-

grolllul refle('lan('e value relal, ive to tile leaf re

tlec_.ance explains why the SiS2 all)ode oslin,ates

couverge _n a value of a.round t/.17 al low NDVI
Va I lieS.

3. The Sl)e('ili('alion of h)w sol ba('kground all)(lie val-

ues relative- t() ]lidIer leaf a.lbeclo values explains

6.4. DI,_C[2%'SION

why in these cases the SiS2 all)ode iucreases with

NI)VI. Over ba.re soil l.he SiB2 albe(Io will I)e close

{.o the ini{,ia] soil all)erie. \Vhen {,he a.12]oun{, of veg-

ei;ar{,iOll increases, Sil32 I)redi(:ts a (:ha nge iu all)e(Io

l.owarcIs a.ll)edo values sl)eciIiec] [or leaves. Tile

ERBI'_' albedo es{,ilna{,es show a. (lecrease wi{,h in-

creasing NI)VI and COllverge {,o va.lues nlore l.yl)ical

of (Iry ha.re soil an(I are {,herefore more rea lis{,ic in

{,his respect..

6.4 Discussion

Significant. (:lIa.uges were made i_l {,he SiB2 lanclsul:face pa-

ra_e{,erizat.ion wi{,h respect to {,he previous SiB1 version.

Most iI/q)orl.a,tly, vege{,atioi>related paranmters %r {.he

land surface were dil:ec{,ly derive(I from satellite observa.-

lions, i.e., {,he 1 ° by 1 o NDVI dai:asei, discussed I)y Los ct

al. (1994), ra{,her than inferre(l D'om ground (:over (:lasses.

For {,he calcula{,ion of {,he vegei.a{,i()ti related pa.rau]eter

fields, two major issues ha.(I l.o be a.clHressed: in(;onsis{,en-

cies ill {,he source NI)VI da.{,a had {,o be a ccouId.ed for, aud

relat.iouships be{,ween the NI)VI and the landsurface pa.-

ran_eters had to I)e estal)lisheH. Correu{,ion of {,he NDVI

was hampered I)y the absence of coml)ollell{, channels 1

an(I 2 (lata and {,he lack ofinfor]natioi] on viewing geoln-

(try ill I.he source global da.taset. Ad.iusl.lneut. proeecluros

were developed I)ased on assumpl.ions about, the proper-

{,los of' NDVI da{,aset.s associa{,ed with Hifferent la.nd(:over

classes. Sonic of these assuml)tions ' such as {,he supl)osi-

t.iol] {,ha{, rues{, of {.he nm_ior s(),ux>s o[' el','()]: l.end {,o lower

the va.h]e of {.he NDVI. have been largely vali(late(I by

resear(:h and ca.n be used wit]l a high level of coufiHence

(e.g., Holl)en 1986, Los etal. [99.1, A1)l)endix C). el.her

a ssuIIIi)t.iol_s ha.v( not been as thoroughly inves{,igatecl.

The NI)VI data were ac[jus{,ed with a series of (:or

recl.ioiis, collec{,ively referred to as I"ASII{ (Fourier-

A(lj,lst,/_ell{,, Solar zeni{,h angle correction, ]m.erpola.l.ion

and lqeco,struc{,ion). These correc(.iol_s were apl)lie(I in

a. I)redefined se(luence ` such {,hat eorre(:{,ions whic]] are

less del)el](lenl, on adHil.ional nol>NDV[ da{,a sour(:es were

applied tirst, and eorrecl.ioi_s which depended lnore heav-

ily on aHdi{,ional da{,a were a.pl)lie(1 last. Specifically, the

Fourier acljustnml_t uses only {,he NI)VI dal.a, and does

,lOt. require input. ['toni an a(Iditional da{,a source. 1'%]' {.he

solar zelfith angle correcl.ion a. la./ldCovor elassifical.ion a.nd

es{,illlal.es for {,he so]a.r zeni{,h aug]e were used. However,

the solar zeni{,h angle corre{:t.ion is not seriously affected

by changes in {.he cla.ssifi(:a.{:iol_. The inl.erpolation and

reconstrucl.iol] were (]one sl)eci/ically ['or GCM purposes

and depend heavily on the lai_(Icover classifi(:a{,ion.

The Fol,rier-Adjl_S{.lueid. (I:A of I%'XSII_) provi(les a,

conserva{,ive col:re{:i;ion 14) {,he Hal.a, i.e., SUSl)ee{, va]/ms

are adjl>t,e(1 rela{,ive {,o l.he I)osi{,ion o[' more l:eliable da{,a.

Tile 1)rote(lure mas_ lea(I to sonie slnall overes{,imates ill
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Figure 6.7: Comparison of olbedo &rived h'om the" 5'ira-

pie /_iosphcre model /,5'iB2: see Sellers et a/ 1996a 1996b)

and j)'om the Earth Radiatmn B.,dgct t';a:perimcnt IEHUE: see.

Barkstrom et al. 1990. Hm'riso, ee al. 1990) with I"24SIR-

NDVI for .]uly 1987. to/ ERBt'; albe'do versus I44,_']R-NDVI

/or biome igpe 1. 6. and 7. /b) ,5'iB2 albcdo vcrs_/, FA,5'[R-

A;DVI for _ame bionic types. The ,5'iB2 albcdo has t'wo distinct

ch_stcrs that show e positive relationship between, olbcdo and

NDl_L" on( for biome type I /center at albcd(_ - 0.12 qnd :VDV[

- u.4) and one lee bionT.(" types 6 and 7. 'Th_ ERBE albcdo

shows on • cluster end a continuous, negative relationship with
NDVI /scc te:rt lee disct_ssion_.

specific cases, e.g. , when a large, sudden change in the

amount of vegetation occurs, such as in clima.t.es with

la.rge seasona.lity. For these biomes, overestimation could

be a /)roblem at the start a.nd end of the growing sea-

son. For photosynthesis calculations in the SiBE-(;(',M,

overestima.tiug NI)VI at the start and end of the growing

season should have on ly a minor impact, boca.use low a.m-

bient temperatures will inhibit assimilation rates (see for

example Cha.pter 7).

The solar zenith angle adjnst.menl (S of' FASIR) in-

corporates a number of assumptions which have yet to be

validated against in. siZu observations. The effect, of lhis

correction is la.rgest for vegetation types at high latitudes

and solar zenith angles (tundra, needlelea.f evergreen, and

deciduous) and tempera.te regions (broadleaf deciduous,

mixed needlelea.f, and deciduous; see Appendix D). The

sola.r zenith a.ngle correction is more conservative lhan

the one derived from first principles by Singh (1988) (Ap-

pendix D) and compa.ra.ble to the one derived I)y Privette

el, al. (1995).

Although there is some uncertainty about the solar

zenith angle correction, overall it should improve the data

and it is likely that overcorrections are small. View angle

effects in the source 1° by 1° NDVI data. are expected t.o

be small: the compositing techuique favors selection of

maximum NDVI va.lues which should I)e grouped around

a.n avera.ge view angle of 10 ° in the off-nadir forward-

scalter direction (Gulman [991, figure 3.2.c). [{emnanls

of view angle effects iu the 10 by .t0 data are confounded

with and partially accounted for by the solar zenith an-

gle correction: the correction is derived from the da,taset

itself, and should partially correct for systematic higher

or lower deviations due to biases in viewing angle when

confounded with sola.r angle. Other residual variations in

the NDVI are not accounted fbr.

'l'he assumption that. the sola.r zenith a.ng]e effect is

linea.r with NDVI does not necessa.rily bold true. Several

studies based on ground-measured data found stronger

solar zenith angle effects ['or spa.rse to intermediate vege-

l.ation cover than for dense vegetation cover (Deering et al.

1992a, 1992b, 1994). Currently there are no reliable wa.ys

to estimate the solar zenith angle effect for intermediate

NDVI values because the assumption of' low interammal

varia.tion used to derive the solar zenith angle effect for

low and high NDVI values -does not hold for interme-

diate values (figure 5.4, section 5.2). A recent study by

Ma.hnstrgm et al. (1.097) indicates that the FASIR cor-

rections did improve the co,sistency of the NDVI.

The Interpolation (I in FASIR) of missing data for the

Northern Hemisphere evergreen needleleaf vegetation in

winter is necessa.ry to obtain realistic estima.tes of sev-

eral landsurface parameters in SiB2, in particula.r those

derived from the leaf area. index fields such as snow-Dee

albedo and roughness length. Failure to provide NDVI es-

timates for the winter period woukl effectively set the lea.f

area index values to zero and result in near-zero rough-

ness lengths and high a.lbedo values. This would remove

the effects of the boreal forests on the physical climate

system during winter. For lack of an alternative, a best

guess of the mininmm NDVI value is ma.de by selecting

the value a.t the end of the growing season before any

snowfall is likely to have occurred. Overestimating of the

NDVI for these higher ]a.titudes outside t.he growing sea.-

son is unlikely to lead t.o excessive evapotranspiration or

assimilation rates in Sill2, because of the physiological

effects of low ambient temperatures.

_l'he Reconstruction (1] in FASII{) of NDVI time-series

for the tropical evergreen broadleaf vegeta.tion is neces-

sa W to correct, for the effect of persistent cloud cover a.,d

atmospheric wa.ter vapor effects associated with tropical

fbrests. Low N DVI values would result in low FPAR and

leaf area index estima.tes. A side efDct of the procedure is

that all seasonality in the data is eliminated and that a.r-

ea.s incorrectly classified as evergreen broa.dlea.f will have

high NDVI values throughout the year. The procedure

does provide an overall improvement in that it: dimin-

ishes the nuntber of outliers, especia.lly in very cloady

areas. We have no real a.lternative approach until higher

resolution, multi-year data.sets become a.vailable in which

cloud-contaminated data can be identified and disea.rded

and water vapor corrections applied.

Errors at the low end el' the NDVI, e.g., as a result

of va.ria.tions in the reflective properties of the soil ba.ek-

ground, are diminished when trans[brming the NDVI into

SR. This is beta.use the transformation tends to compress

the lower va.lues of the NDVI, whereas the higher values

become stretched. Errors in the NDVI at the low end
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will therefore have little impact on SI{ a.nd heuce FPAI{
Va hles.

Relationships between the NI)VI and biophysica.1 pa.-
rameters ha.re been established mainly fl:om in si:u stud-

ies involving individual plant species a.nd high resolution

ra.diomet.rh: data. l{eeently, a. n u ,nber of sl.ud ies ha.re [b-

cused on the extra.pola.tion of the relationship between

EPAI{ and SE from the plot-sca.le (a few meters) to in
termediate spa.tia.1 scales ou the order of 100 _,f-' l.o 15 km "e

(Sellers et al. 1992b). The results support, a near-linear

rela.tionship bet.weeu SR aad biophysh:a.1 properties, a.nd

by in%rence FPAI{, over this range of spai;ia.1 scales {Hall

e:/_al. 1992). These findings were confirmed in the analysis

of FPAlq versus NDVI and FPAR versus SR rela.l;ionships
in section 6.:_.

The near linear properties of t.he Sf_.-FPAR rela.tion-

ship combined with a.ssumptions on the occurrence of

minimum and maximun_ vegeta.tion a.ctivity has eJlcour-

aged us to calctfla.te global fields of FPAR and total lea.f
area index fl'om the satellite da.ta.. It. is still (Ioubtfld tha.t

the near-linea.rity of the FP'\ R-SB. relat..ionship holds for

a.ll la.ndcover classes and soil backgrom_ds; it has been sug-

gest.ed tha.t for some cases, e.g., bright soil ba.ckgrounds,
the relation between FPAR and NDVI may be more /in-

ear than the rela.tionship between FPA R mid SR ((lhoud-

bury 1987, Coward and Huemmricb 1992). This asser-

t,ion has not. been confirmed by l,he analysis of FIFE and

BOREAS data. The results Dora i.he OTTEI_ experi-
ment were inconclusive because of the low number of mea.-

sure_nents. Beca.use of the da.rk soil ba.ckground assuml>
l.ion, we expect our FPAH estimates to be less reliable

[br internRediat.e NDVI va.lues over areas with a brighl;
soil background. For high and low NDVI vahles we skill

expect our estima.tes to be reasona.ble since the effeci, of

non-linearities should be small close to the eud points to
which the SR-FPAI{ rela.tionship was tied. The verifiea.-

lion of the SR-FPAR model indicated that satellite based

large-area estima.tes of FPAI_ can be obtained with a rook

mean square error a.ronnd 0.1. Moreover, the estimates
with the SR-FPAR model were more a.ccura.te tha.n with
the NDVI-FPAR model. Beea.use FPAR is critical to ca.l-

cula.tions of vegetation a.ctivity, further research is needed

to establish a more a.ccura.te relationship between FPAR.
and vegetation indices.

We ha.re more confidence in the estimates of FPAI_

t,ha.n in those of LAI. However, we have seen l,ha.t the

essentia.1 surface properties a.re near-liRJearly related to
FPAR rather tha.n to LAI, which is only used a.s an inter

media.t.e variable. Therefore our uncertainties in a.lbedo,

surI'a.ee rouglmess, canopy condncta.nce, and photosynthe

sis seem to scale directly with the errors fit the NI)VI {SR)
a.nd FPAR rather tha.n wit.h the errors in the estilna.tion
of LAI.

Analysis of rela.tionships between leaf area index and

FPAR indica.t.es a. probleln with the formula.tiort of' this

relationship for elust,ered vegeta.t,ion types (Sil32 biolnes 4,
5, and 9). This fornmlat,ion describes the LAI as a. linea.r

('unction of FPAI{, which is rea.list.ie when different areas

with difDrenl, vegetal,ion densities are considered, bu|, it is

not a correct description of the relationship a.t the canopy
lewd. A future version of SiB is pla.nned that will dea.1
with inhomogetleous grid cells and fractional la.ndcover

type within a. grid cell. This version of SiB is better suited

to model both the linea.r rela.tionship between FPAIq. and

LAI with cover fraction, a.nd the exponential relationship

between FPAlq and LAI a.t the canopy level.

The compa.rison of SiB2 albedo estima.tes, ER.BE
a.lbedo est, ima.tes, and mea.suremenl.s from BOflEAS

showed tha.t the lower Si132 a.lbedo estimates for bo-

real vegetation are I)roba.bly more rea.listic t,ha.n the high
EI{IaE estimates. For short, semi-arid landeover types
(classes 6, 7 and 9) the ERBE albedo estima.tes seented

more realistic because they better described the vaxiafion

within a.nd between la.ndeover types: the ERBE a.lbedos
showed gradual cha.nges between la.ndcover classes and a

negative relationship with NI)VI whereas l_lle SiB2 a.lbe-

dos showed discret, e changes bel_ween landcover cla.sses

and, for severa.1 classes, positive relationships between
a.lbedo a.nd NDVI. These problems in the SiB2 a.lbedo

est.imates are related to the la.ndcover-dependent specifi-
cation of the soil ba.ckground and leaf reflectance va.lues.

The soil background reflectance is generally lower tha.n
the leaf reflecta.nce a.nd is specified as one nmnber for

each vegeta.tion class. A la.ndcover-independent, spatially

varying specification of soil reflecta.nce, ¢.g., ['tom low re-

flecta.nce values over densely veget.al.ed areas a.nd high re-

flecl_a.nce va.lue over spa.rsely vegetated areas, would re-
solve many of the problems in the current specificatiou.

To obtain improved para.met, er fields over the ones de-

scribed in Chapter .5, section 6.2, a.nd Appendix D, a
number of items need to be addressed.

In the first place, the source sa.tellit.e dataset could

be improved by incorpora.ting individual channel

data. t.ha.t are corrected for atmospheric effects,
cloud cont.amina.tion, and landsufface BRI)F. These

corrections should be applied in conjunction. For
example, a. correction for atmospheric effects with-

out a. correction for la.nclsurfa.ce I:IRDF will result in
laxge variations in the landsurface N DVI with sa.tel-

like viewing angle that are clearly undesirable.

A second area for improvement is in tire specifica-

t.ion of la.ndsurfa.ce parameters such as roughness

length, leaf optica.l properties, and soil ba.ekground

reflectance. These should vary as a. f'unction ofspa.ce
a.nd time within a. biome type as is now the ca.se wit.h
the estima.t.es of FPAR a.nd leaf area index.

• Finally, improvements ca.n be ma.de in the specifi-
cation of' la.ndcover ela.sses a.s a. f?a.cgional cover of a
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grid cell. This would address the problem of land-

cover dependenl relat.ionships, e.g., calcula.t.ion of

leaf a.rca, index within a. grid cell, and is import.a.nt.

for a correct.: descript,ion of la.udsurfa.ce processes,

e.g., the modeling of vegetation assimila.t.ion in C3
a.nd C4 plant. Species.
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Chapter 7

Sensitivity of Landsurface Fluxes

Vegetation Changes

to

The sensitivity of fluxes between tile land surface and

the a.tmosphere (water, carbon, and energy) to changes
in vegetation was established. Two different landsurfa.ce

scenarios, a scenario with minimum and ma.ximmn frac-

tion of photosynthetically active radiation absorbed by
the green part of the vegetation (FPAR), were run with

the Simple Biosphere model (SiB2) coupled to the Col-

orado State University Genera.1 Circulation Model (CSU
GCM) of tile atmosphere. The mininmm and maximum

FPAIR scenarios were derived from the 9-year global Nor-

realized Difference Vegetation Index (NDVI) dataset dis-
cussed in C',hapter 5.

The sensitivity test with the mininmm and maximum

FPAR runs has two objectives. The first is to establish

which pa.rameters are most sensitive to changes in vegeta-
tion and thus require the most accurate vegetation bound-

ary conditions; the second is to explore the mechanisn/s

behind the sensitivity of water, carbon, and energy fluxes
to changes in vegetation.

7.1 Design of the Experiment

For tile minimum and maximum vegetation scenarios a.

1-year, monthly, rninimurn NI)VI data.set and a 1-year,
monthly, maximum NI)VI data.set were calculated. These

datasets were created by selecting the mininmm (or maxi-
mum) NDVI I)3; grid cell and month from the 9-yea.r 1982

19q0 Fourier Adjusted, Solar zenith angle corrected, In-

terpolated, and Reconstructed (FASIR)-NDVI data dis-

cussed in Chapter 5 and Appendix D. For example, to
obtain a grid cell value for the minimum NDVI dataset in

January, the minimum NDVI was selected for that par-
ticular grid cell Dora all 9 Januaries fi'om 1982 1990. The

mininmm NDVI and maximum NDVI datasets were used

to obtain biophysical pa.rameters (FPAR, Leaf Area. Index
(LAI), roughness length). Because the SiB2-GCM runs

off biophysical parameter fields, the da.tasets produced
from tile minimum and ma.ximun-i NDVI a.re referred to

a.s minimum and maximum FPAR scenarios, respectively.

Tile SiB2-GCM was run for thirty years to obtain ini-
tial sea. surface temperature and soil moisture conditions.

The minimum and maximum FPAR scenarios were then

run over 15 years from these initial conditions. The av-

erages calculated over the last five years of the runs were
used for the analysis.

Since the landsurface boundary conditions for the

maximum and minimum FPAlq. scenarios were calculated

from satellite observations, they represent realistic, i.e.,

observed, bounds of interammal variations in vegetation.
The water, carbon, and energy fluxes calculated with

these minimum and maximum scenarios are likely to rep-
resent, realistic bounds of interannual variation as well.

Within the 9-year period of satellite observations, no year
was similar to either the minimum or maximum scenario.

For a particular year, occurrence of low NDVI values in

one area was concurrent with high values in another. Over
a longer period of observation the likelihood of concur-

rence of sa.me-sign departures in different; areas increases,
and years will occur that are closer to either the mini-

mum or maximum scenario from the 9-year dataset. In

other words: it is plausible that, e.g., 1 year in 100 looks
like a, rninimum or maxinmm scenario derived from the

9-year data. Thus the variability between the minimum

and maximum scena.rio may not be a gross overestimate
of interdecadal variability.

7.2 Assimilation

7.2.1 SiB2 Photosynthesis Subl-nodel

The SiB2 canopy assimilation submodel of Sellers et al.

(1996a) uses the Ca photosynthesis model of Collatz et

al. (1991) and the C4 photosynthesis model of Collatz et
al. (1992). The C3 photosynthesis model of Collatz et

al. (1991) is modified from the model of Fa.rqhnar et al.
(1980) and coupled to the stomatal model of Ball et al.

(1987). The model calculates canopy photosynthesis, Ae,
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Fignre 7.1: Sensitivity of carbon assimilation to changes in FPAR derived from the maximum a,zd millimetre. FPAR runs 'with
the ,_'iB2-GCM. Della vah_es (tre expressed as the difference between the maximmn run min_ts the min.inz_m_ r'un. Results are

averaged by latitude fl)r December until Febr_tary (DJF) rind June _mtil _1 ug_tst (JJA). (a) Delta A'DVI (solid line), Della I"PAR

(solid line mctrtce'd £), and Delta earbon a._similatio,_ (dotted line marlced A) chu'i,_g DJF. (b) Same bt_t for JJA. (c) Water stress

.facto,. for maxin_._tm ,'m_. {+) and ,ni,,imttm run (-) cl,u.in 9 DJF. (d) sam( b,tt for JJA. (e) Low tem.perat_re sh'ess factor for

n_aximtt,,z run (/-) and minimum mtn (-) durinq DJF. (f) Same b,tt for JJA.

aud conductance, fl(., as the product of three terms,

A_., .q(. =

with

Ac

9_
= ca.nopy photosynthetic ra, te, tool mI2s -J,

= ea.nopy eonducta.nce (m s-[),

= ma.ximum leaf ca.taJytie (l_ubisco) ca.pa.c-
ity for green sun lea.yes, tool m-_s -_

= incident ra.dia.nt flux of photosynthetl-

cally active (visible, 0.4-0.7 #m) ra.dia-
lion, Wm -_,

_16

17_"]36 = environmentaJ forcings including CO_,

tempera.t.ure, rela.tive h mnidity, a.nd soil
m oisl; are,

II = canopy PAt/use pa.rameter.

The first two I_erms of equation (7.1) a.re dependent on

the vegetation physiology (l_x0), the incident, flux of

photosyntheticaJly active ra.dia.tion (PAIl) (F_o), and Io-

ta.1 environmenta.1 conditions (B, ... Be;); see Sellers et al.

(1992a., 1906a.). The vegeta.tion physiological paxameters

and the coefficients governing B_ a.nd Bc_ have been as-

signed from published vaJues (Appendix D, Sellers et al.

1996a.). The crucial s_rfa.ce pa.ra.meter in equation (7.1)

is the ca.nopy PAIl use pa.ra.meter, [[, which specifies the
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amount of green vegeta,tion present; it varies fl'om 0 (no

vegetation) to around 1.5 (dense, greel] vegeta.tion) (Sell-
ers et al. 1992a),

FPAR

rJi _ _ , (7.2)

wher0

= fraction of PAR absorbed by tile green veg-
etation canopy,

= time-mean (radiation weighted) extinction
coefficient for PAR.

FPAR can be approxiruated by

])'PAR = VN(1 - e-_t_'/v), (7.3)

with

V = vegetation cover fraction,

A" = ca.nopy greenness fraction (Appendix D),
Lr = total leaf area index.

7.2.2 Sensitivity Analysis

The overall increa.se in ])'PAFI between the nfinimum and

nlaximum FPAR run is proportional to the increase in

NDVI (figure 7.1.a, b). For December nntil February
(figure 7.1.a) the increase in FPAR is large for tile entire

Southern Hemisphere. ])'or the Northern Hemisphere, this
increase is large near tile equator and between 400 and 600

(latitudes with an abundance of vegetation), and srua.ller

between 200 and 400 (latitudes with a large proportion of
arid and semi-arid regions). The increase in NDVI and

I"PAR for July until August (figure 7.1.b) shows a similar
pattern.

In several eases the increase in FPAR is not matched

1)3; a proportional increase in photosynthesis (carbon as-
sin_ilation); the increase in assimilation rates is lowest

for latitudes between 20 ° 400 in both hemispheres dur-

ing summer and winter, and for mid-to-high latitudes in

the Northern Hemisphere during the winter.
To explain the small increase in assinlilation rate rela-

tive to the large increase in FPAR, the effects of environ-

mental moisture and low temperature stresses (equation

7.1) on vegetation were investigated. An environmental

stress in SiB2 is calculated as a change in a.ssinfilatiou

relative to a change in a particular stress weighted by the

potential assimilation of vegetation. The weighting en>

phasizes conditions during the growing season and during
daylight hours. The va.lue of an environmental stress is

between zero and unity; zero indicates no inhibition of

plant assimilation, and nnity indicates complete inhibi-
tion. This nse of a,n environmental stress is different fi'om

what is common in the ecological literature where a stress

is generally referred to as an inhibition of plant growth
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by the environment. Within this latter context a desert is

referred to as an environment with high moisture stress;
by contrast, in SiB2 the moisture stress in a desert can

be low a.s long as the amount of vegetation is small and
in equilibrium with the limited amount of moisture avail-
able.

The areas where tile increase in FPAR is not ma.tched

by a similar increase in assimilation have either a high wa-
ter stress value, a. large increase in wa.ter stress between

the minimum a.nd maxinmm scenario, or a. high value

for the low temperature stress (figure 7.1.c-f). For both
heinispheres the assimilation is inhibited by the low tem-

pera.ture during their respective winters (compare 7.l.a
with 7.1.e for the Northern Hemisphere and 7.1.b with

7.l.f for the Southern Hemisphere). Between the mini-
IllUln and nmximum scenarios water stress increased for

low latitudes for the Southern Hemsiphere during both
summer and winter. A slightly sma.ller increase was found

in the subtropics and temperate regions for the Northern

Hemisphere durh_g the suillnler.

A point worth noting is that both lninimmn and max-
imum water stress fa.ctors for latitudes between 300 and

10 ° S during January until March and 20 ° to 0 ° S dur-

ing July until September a.re high. The high water stress
factors for the minimum scenario could indicate an im-

balance between the prescribed vegetation aud the GCM

simulated climate largely as a result of insufficient precip-
itation.

7.3 Energy Balance

7.3.1 SiB2 Energy Submodel

hi its most general form, the total surface energy balance
is given by

R,_-G = tE+H, (7.4)

with

/_.,,. = net radiation, W m -_,

(; = ground heat flux, W m -_,

5])3 = latent hea,t flux, W m -2,
H = sensible heat flux, W m -2.

In SiB2 tile energy balance is divided into separate com-

ponents for the ca.nolly and the soil surface. Energy fluxes

in SiB2 are described in electrical analog fbrm,

flux = potential diffhrence
resistance. (7.5)

The calculation of the energy balance involves several of
the submodels of SiB2:
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Figure 7.2: ,%nsitivity of the energy balance to changes in FPAi_ derived.h'om the maximum and minim'urn FPAR rm_s with
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(a) Latitudinal averages of landsu,:face A albedo (A) and A ]"PAR (F) for D.IF. The A FPA R follows closel_ the' change in ND VI

(figure 7.1). Notice that overall changes in albcdo are small. (b) Same but for JJA.

(c) Latitudinal averages of landsu_ace A assimilation, A groztnd temperature (g), and A landsu,:face air temperature (']7) for

DJF. A assimilation is inversely related to /.& air lemperature a_td /', ground lemperature because of the close link between

assimilation (photo._gnthesis) and transpiration. (d) Same but for JJAI

(e) Latitudinal averages of latent (L) and sensible (H) heat fluz for DJP. (f) 5'anze' but for JJA.

1.

2.

The net radiation, R,_, is a. function of the surface

albedo, which in turn is a functiou of the leaf area.

i_dex, and the leaf and soil optical properties. The

surface albedo is calculated in SiB2 with a two-

stream model (Dickinson 1984, Sellers et al. 1996a).

The total surface la.tent heat •flux consists of a soil

and a leaf component. Both the leaf and soil latent

heat components are split in a wet and dry fraction.

The wet fraction results from interception of water

by leaves or the ground surface.

(a) The latent heat flux from the dry fraction

of leaves (transpiration) is cah:ula.ted analo-

gously 1;o the Penman-Monteith equation a.nd

depends amongst other variables on net ra.dia-

tion, aerodynamic resistance for hea.t, and wa.-

ter vapor, and ca.nopy resistance. The aero-

dyna.mic resistance is a function of roughness

length and canopy resis/.a.nce is inversely re-

la.ted to the stoma.tal conductance which is

closely related to the assimilation rate (equa-
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tion 7.1).

(b) The latent heat flux from the wet fl'action of

leaves is a. flmction of the canopy temperature

a.nd of the bulk canopy bounda.ry la.yer resis-
t an ce.

(c) The latent heat flux from the dry soil is a. flmc-

tion of the ground temperature, soil water con-

tent, windspeed, and the incoming radiation.

The incoming radiation for the soil is inversely

related to the leaf a.rea index.

(d) The latent heat flux fl'om tile wet soil is a, func-

tion of the ground temperature and the aero-

dynamic resistance between the ground and

canopy a.i>spa.ce.

The sensible heat flux also consists of a soil and leaf

component. The leaf sensible heat. flux is related to

the difference between the leaf and air temperature,

and the soil sensible heat Itux is related to the soil

and a.ir temperature. The ground a.nd canopy tem-

peratures are calculated in an iterative procedure to

balance them with the incoming and outgoing heat

fhLxes and hence are dependent on the factors under

item 2.

7.3.2 Sensitivity Analysis

Tile albedo directly affects tile radiation I:)ala.nce of tile

land surface. Vegetation in turn a.ffects the albedo, i.e.,

an increase of green leaves over a bright soil background

decreases the albedo a.nd, other things being equal, results

in a.n increase of the amount of radiation a.bsorbed by the

land surface. Contrary to the expected mechanism, figure

7.2.a shows that the overall increase ill FPAR is matched

by only a. small decrease in albedo at high latitudes. The

lack of relationship between FPAR and albedo was dis-

cussed ill (section 6.3) and is ea.used by the specification

of a low soil albedo that is close to that of vegetation for

most SiB2 landcover types. A change in the amount of

leaves therefore leads to a. minor change iu albedo and, in

cases where leaves are brighter tha.n the soil background,

to an increase (Chapter 6.3). Because of tile small change

in albedo no la.rge shifts i_l the total energy ba.lance, i.e.,

the total a.mount of energy absorbed by tile sum of land-

surface vegetation and soil, are expected.

The cha.nge in albedo at northern latitudes around 600

(figure 7.2.a) is most likely the result Of a.n increase in the

vegetation cover fraction in tile boreal forests and a de-

crease in the snow cover fraction. The la.rge cha.nge in

albedo around 600 N during winter has only a sma.ll ef-

fect on the mean temperature (figure 7.2.c) and tile energy

balance (figure 7.2.e) because of the low amounts of" in-

coming sola.r radia.tion during this time of year. A change

in landsurface air temperature is more closely associated

with a change in evapotranspiration and assimilation rate

7.4. WA_R BALANCE

than either a change in albedo or a. change in FPAR.

When evapotranspiration increases both tile ground tem-

pera.lure and landsnrface air temperature decrease. The

decrea.se in temperature is large for the tropics (20 ° S

to 200 N) during December nntil Pebruary a.nd for the

Northern llemisphere temperate regions (400 N to 650 N)

during June until August. The decrease in temperature

in both hemispheres is small throughout the year for arid

and semi-arid regions between 200 and 400 N and S a.nd

during their respective winters at mid-to-high latitudes.

Although the changes in the total energy balance are

small, there is considera.ble cha.nge in the partitioning of

energy between its fbur components: the canopy latent

and sensible heat fluxes and tile soil latent and sensible

heat fluxes. The increase in FPAR caused the canopy la-

tent and sensible heal. to increase and the soil latent and

sensible heat fluxes to decrease. The increase ill canopy

latent heat flux closely follows the increase in assirnilation

due to a. direct link between photosynthesis and tra.nspi-

ration. At latitudes where an increase ill FPAR is not

matched by a.n inerease in assimilation all increase is seen

in the sensible heat flux (for example, between 20 ° and 400

S during DJF and 0 ° to 20 ° S during JJA). Tile decrease

ill the soil sensible and latent heat flux is the direct, re-

sult of increased leaf area leading to increased shadowing

(reduction of radiation reaching the soil), increased ill-

terception of rainfall (increa.sed evapora.tion from the leaf

surface), and increased stomatal conductance (increased

plant transpira.tion).

7.4 Water Balance

7.4.1 SiB2 Hydrological Submodel

TILe SiB2 hydrological submodel consists of a. canopy liq-

uid water storage compartment, a ground liquid water

storage compartment, and a three-layer soil model (figure

7.3). Incoming precipitation is divided ill a component

intercepted by the canopy liquid water storage compart-

ment and a throughfall component. Water intercepted by

the canopy can either evaporate or, when the capacity of

t.he ca.nopy tiqnid water store is exceeded, contribute to

the throughfail. The throughfall component, the precipi-

tation that falls through gaps in the canopy, is ca.lcula.ted

as a fimction of leaf area index and of the fi'a.ction of vege-

tation cover in a grid cell. The sum of the direct, through-

fall and of the water dripping fi'om tlle lea.yes reaching the

ground is intercepted by the ground liquid water storag e

compartment.

Water in the ground liquid store either evaporates, in=

filtrates into tile surface layer when tile capacity of the

ground liquid water store is exceeded, or contributes to

the overland flow if the infiltration is in excess of the inr

filtration capacity of the soil. Overland flow contributes

to tile surface runoff.

49



CIIAPTER7.
SENSITIVITY OF LANDSURFACE FL[LYES TO VEGETATION ('HANGE,5'

Gro md
Evaporation

Predpimtion Canopy
Evaporation

EGS

EGI /
S,lrfh ce layer Infiltration

ECT

Overland Flow

Q1

Excess

Q2

Runoff

Figure 7.3: Hydrological s.llb-mod_ l i_ SiB_2 (,%c h'xt for des<'riptio_). EC'] is the evoporatio_ of water intercepted by the" canopy,

ECT is the t_'a_spirotion by plants, E(.I[ is the evaporcttion of wat(r irttercepted b_] the grozznd s,urfacc, EG,5' is evctporation of

water in the soil su_iface layer. (21 is the flz_:r from the surface Ictyer to th< root zo_<.. Qo is the fl_tx from the root zone to the deep

soil Ioyer, cu_d (2:_ is the drcti_,ge fl'om the: deep soil contribt_ti_g to the r_tn@ (21 and (22 can both be i_comi_g and o_ttgoi_g
fluxes, (23 ean o_zly be: an o_tgoin 9 flztx (or zero).

The surfa.ce layer is a shallow layer of 2 cm thickn(_ss

tha.t is held consta.nt for the era.ire land stlrfa.ce (Appendix

D). Water ca.n either eva.porate t¥om this layer or infil-

trate into the root zone. Water from the root zone ca.n

flow up into the surface la.yer, flow down into the deep

soil, contribute to the rttnof/+ if the root zone saturates,

or can be used by veget.a.tion ['or transpiration. Note that

the root zone is the only layer tha.t ca.u be a.ccessed by

veget, a.tioll to fulfill its wa.ter dema,d.

Wa.ter in the deep soil flows out. as dra.inage where it

contributes to the runoff or it flows ba.ck into the root

zone. Water in excess of the volume of the deep soil layer

a.lso contributes to the rHnoff. The hydraulic conductance

[br the upwa.rd flow of wa.ter, e.9., fl'om the deep layer to

the root, la.yer, is many times sma.ller tha.n the hydra.ulic

condnctam:e for th+' downward flow of water to avoid de

pletion of wa.ter in t,he deep layers.

7.4.2 Sensitivity Analysis

Figure 7.5 shows how a. change in FPAR affects the corn

ponents of the wa.ter balance in the SiB2-GCM.
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Figure 7.4: Sensitivity of _he water balance to chcmgcs in 1'7_4R derived .l)om the mezim,um (rod nzinimunz FPAR runs with

the ,5'iB2-L,'CM. Dclto values are expre:.<_ed as the diffl'rence between the nzaxin_ttn_ run minus the minimun_ run. ]_esults ore

averoged by latitttde for December _mtil FebrttctW (D Jr') ond June u_lil August (J.]A).

(o) Uba_ge._ in Precipitatior_ (P), Evapotranspir(_tion (E) and RunoJJ" (R) for DJP. (b) Some, but for JJA. (() Net change in

w(_t(r bolance' (Pr_:cipitotion- £_vapotrcm.spiration- R,moff ) J'or DJF. (d) ,_o,ne os (c) but for .JJA. (e) C'hange' in water conter_.ts
of the' root lay_'r (R) rind (b'ep soil I_,ye.; (1)) for ])JF. (f) Same os (e) but for JJA.

1. Input fluxes

(a) Convective precipitation has a large landsm>

face component a.nd increases a.s a result of in-

crea.sed eva.potranspira tion,

(b) La.rge area (stal)le) precipitation, for the ma.in

part originating over oceans, does not change.

2. Output li'luxes

(a.) Ground evaporation decreases because of re-

duced a.bsorption of solar radiation by the

ground a.s a result of increased shading by

leaves,

(b) Canopy evaporation increases as a result of

both an increase in c&nopy liquid wa.ter store

and in transpira.tion,

(c) Runoff decreases a.s a. result of decreased flow

from the deep soil. The contribution fi'om

the overland flow increases somewha.t due to

a. reduction in ground eva.pora.i.ion.

3. Storage Terms

(a) Canopy liquid water store increases because of

increased leaf area. index (_ 0.1 mm/LAI),
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(b) Gromld liquid water store increases because of

reduced evaporation,

(c) Wa.{,er in the shallow surface layer increases be-

cause of reduced evaporation,

(d) Water in {,he root zone decreases because of'

increa.sed transpiration. The other fluxes from

and into the root zone in part compensate this

increa.sed outflow; water [lowing from the root

zone into the deep soil (Q2) is reduced and

water flowing from the surface into the root

zone (Q1) is increased,

(e) Water in the deep soil layer decreases because

of a decreased flux from the root zone (Q2).

'["his decrease is in part compensated by a de

crease in the outgoing flux (Q3).

Of a.ll the storage components in the model, the deep

soil layer is the most affected. This is counterintuitive

because a.s a general rule the fluctuatious in water level

decrease with increasing depth (Engelen and Jones 1986).

The high fluctuations in the deep soil could be dampened

by increasing the drainage resistance a.nd thus diminish

the outflow from the deep la.yer. The other parts of the

hydrological submodel behave in a way that is consistent

with general knowledge of the working of its components.

One aspect not incorporated in the SiB2 hydrolog-

ical model is the change in infiltration capacity of the

soil that can be expected Doln changes in the amount of

vegetation, hn:reased amounts of vegetation are related

to increased amount of leaves and increased litterf_.ll. A

thicker litter layer protects the soil from erosion a.nd has a

higher infiltration ca.pa.city which leads to a. reduction of

overland flow and surface runofl" immediately after rain-

fall. The higher infiltration capa(;ity also leads to a higher

amount of wa.ter stored in the soil and to a prolonged con-

tribution of the deep soil to the base flow component of

surface runoff. Thus the associa.tion between higher vet-

eta.lion a.mount and increased infiltration ca.pacity of the

soil is due to an increase of the litter layer depth (Brni-

jnzee] 1983). The increased infiltration capacity, if incor-

porated iu SiB2, would counteract the increased overlaaid

flow found in the current resul.ts.

The latitudinal plots of changes in the water balance

as a result of changes in FPAR (figure 7.4) show that

during summer in both the Northern a.ud Southern Hemi-

spheres the evapotranspira.tion increases a.nd with it. the

convective precipitation (see also figure 7.;5). The change

in runoff closely tbllows the change in precipitation with

the exception of latitudes where a large increase in eva.l)-

otra.nspiration relative t.o the increase in precipita.tioa oc-

curs. The net wafer ha.lance (precipitation minus the stlln

of evapotra.nspiration a.l_d runofl') shows the largest fluc-

tuations in the tropics. During December until Februa.rv

a deficit occurs, during June until August a surplus. 'fh'e

impacl, of the deficit is reflected by the change of wa.ter

contents in the root. zone and deep soil layers; t.he decrease

in the amount of water is larger during December until

li'ebruary compa.red to the decrease dm'ing June until Au-

gust.
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Figure 7.5: Sensitivity of the water balance to changes in

FP_I R derived from the mazimum and minimum FI:_4R runs

•with the ,5'iB2-GCM. Delta values ore expressed as the differ-

ence between the ma:rimum run minus the minimum run. Re-

s,dts are averaged over the global land sur[ace. £C[ is the delta

in evaporation of water interce'pted t)y th.e canopy, £'UT is the

delta in transpiration by plants, £G[ is the delta in evoporation

of water intercepted by the ground ._arfaee, EG,5' is the delta in

evaporation of water in tlze soil su@_ce layer. Q1 is the delta

in the fluz fl'om the sm'faee layer to the root zone, Q2 is the

delta in the flu, from the root zone to the deep soil lager, and

Q3 is the delta in the drainage from the deep soil contributing

to the' runoff QI and Q2 can both be incoming and outgoing

.fluze_s, Q3 can only be an outgoing fht:l: (or zero),
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7.5. FEEDBACK BETWEEN VEGETA770N AND CLIMATE

The decrease in the amount of soil water in the deep

layer is very large at. the equator in part because a large
depth is specified in the tropics, about 2 times the deep
soil depth elsewhere.

7.5 Feedback Between Vegetation

and Climate

One of the first studies to investigate a feedback mecha-

nism between the biosphere and climate with an a.tmos-

pheric general circulation model was a study by Cha.rney
ct al. (1975). ('.barney e't al. (1975, 1977) posited that in

desert margins such as the Sahel, a decrease in vegetation
cover would lead to a decrease in albedo. As a result, the
land surface would absorb less solar radiation and this

would decrease the total energy (sum of latent and sensi-
ble heat) emitted t93, the land surface. T'he reduced radi-

ation by the land surfa.ee cools the lower atmosphere and

this would either enhance the sinking motion of air over

deserts, or decrease the amount of convection. Precipi-
tation rates would diminish leading to a decrease in the

moisture available for plant growth, thus enlbrcing or sus-

taining the initial decrease in vegeta.tion. Chutney et al.

(1975, 1977) stated that the same logic should apply to

the reversed situation, i.e., a situation in which vegetation

was increased would lead to in increase in precipitation

which would sustain the increased vegetation.

To test if the effects of the increased albedo would be

sufficiently strong to affect large circulation patterns, e.g.,

monsoon circulation, Charney et al (1975, 1977) com-
pared two scenarios with a GCM, a.high albedo scena.rio

representing conditions with low vegetation cover in the

Sahel and a low a.lbedo scenario representing conditions
with high vegetation cover in the Sahel. The GCM results

predicted that the induced changes in albedo were suffi-
ciently strong to overcome the monsoon circula.tion fi'om

the south and that an increase in albedo in the initial con-

ditions did result inl decrease of precipita.tion in the Sahel

and an increase in. precipitation over the tropical forest
south of it.

Xue and Shukla. (1991) investigated how changes in
vegetation affected the climate in the Sa.hel with amuch

improved landsurface model, a simplified version of SiBI,

coupled to a GCM. They stated that a change in vege-
tation cover would not only affect the landsurface albedo

but also parameters such as the roughness length, ini-
tial soil wet_mss conditions, leaf area. index, soil depth,

the hydraulic conductivity of the soil, and the fraction
of vegetation cover. They obtained estimates of simulta-

neous changes in these pa.ra.meters in sub-Saharan Afi'ica

by changing la.ndcover types (and associated parameters)
from predominantly woodland a.nd shrnbland types (SiB

classes 6 and 8) to a bare soil with shrubs type (class 9).

As in the Charney et al. (1975, 1977) study they fbund

a. decrease in the precipitation over the Sahel and an in-

crease in the precipitation over the tropical forest.. How-

ever, Xue and Shukla (1991) concluded that the major
impact of vegetation changes on precipita.tion in desert

margins was related to changes in the latent heat flux
rather than to albedo.

The sensitivity analyses with the mininmm and max-

imum Ii'PAR scenarios in the SiB2-GCM also provide an

opportunity to test a positive feedback between vegeta-

tion and climate. Contra.ry to the approa.ches by Xue and

Shukla (1991) and Charney et al. (1975, 1977), botmd-

ary conditions for the mininnun and ma.ximtm_ vegeta-

tion scenarios were obtained from (satellite) observations
rather than being arbitrarily imposed, either by an as-

sumed change in albedo (Charney et al. 1975, 1977) or
an assumed change in vegetation cover type and associ-

ated parameters (Xue and Shukla 1.(t91). Moreover, the

parameter changed in this study, FPAlq, is more directly

linked to vegetation than either albedo or landcover type.
Tile current experiment difI_rs in other aspects from the

experiments by Charney ctal. (1975, 1977), and Xue and
Shukla (1991), as well:

1, Compared to the maximum I"PAR scenario, the

mininmm FPAR scenario has decreased values for

all vegetated regions (figure 7.1.a, .b), not just in
the Sahel.

.

Because of the specification of soil optical proper-

ties ;and leaf optical properties, changes in albedo

a.s a flmction of FPAI{ are small (compare a change

in the albedo smaller than +1% (figure 7.2.a, 19)

compared to a change around -8% (Xue and Shukla

1991), or -17% (Charney et al. 1978). Thus in this

sensitivity analysis we primarily test how a change

in FPAR and associated parameters (leaf area in-
dex, assimilation, transpiration) affects the climate.

Use of a more ela.bora.te landsurface model: the

main differences with the simple SiB model used

by Xue and Shukla (1991) are the incorporation of
a photosynthesis and stomatal conductance model

(C!ollatz et al. 1991, 1992) a.nd tile use of satel-

lite data to derive biophysical parameters (Chapter

5, Appendix D, Sellers et al. 1996b). The Simple

Biosphere model uses interdependent relationships

to describe the exchange of water, energy, and mo-
ment.urn between the atmosphere and the land sur-

face. For example, evaporation rates are not only

a function of soil moisture, atmosplieric humidity,

and temperature; they are also regulated by the

stomatal conductance and photosynthetic rates of
vegetation.

4. Differences in initial soil moisture: soil nroisture is

not prescribed as in the Charney model but is al-

53
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/owed to vary based on the intera.ction between cli-

mate and vegelation.

The analysis of the current model runs was restricted

to areas between 400 S and 400 N. Annual pixel-by-pixel

averages were used to reduce potential lag effects, e.9.,

between cha.nges in net precipita.tion leading to changes
in soil water storage.

Figures 7.6.a through c show the relationships between

the components of the t_edback mechanism proposed by
Cha.rney ctal. (1977), i.e., the relationships between

delta. FPAR and delta albedo (figure 7.6.a), delta albedo

and the delta, of the net energy emitted by the laud sur-

face, the delta of the net energy emitted by the land sur-

face and delta, precipitation figure 7.6.b), and/,he delta, of
the net energy emitted by the land surfa.ce and the delta

in soil water contents figure 7.6.e).

Delta PPAR and delta, albedo show a weak, positive

relationship fbr tall vegetation (r = 0.2) and a stronger

positive relationship for short, vegetation (r = 0.67; fig-
ure 7.6.a). Close inspection of the relationship between

delta FPAR a.nd delta, albedo for short vegetation reveals

that this rela.tiouship is more complex than a simple one-

to-one relationship; in the data., a. second, negative rela-

tionship ca.n be seen that 13ra.nches off [?ore the positive
rela.tionship at zero delta FPAR. a.nd delta albedo va.lues.

In Chapter 6.3 it was found that the sign of the rela.tion-

ship between FPA F{.(or NDVI) and albedo depends on the
specification of the soil background reflectance relative t,o

the leaf reflectance. If the soil background is assigned a.
lower reflectance value tha.u the leaves, the landsurfa.ee

albedo increases when more leaves a.re added to a bare

soil; if the soil has a higher reflectance than the leaves,
the reverse occurs.

The delta albedo, both for tall and short vegetation,
has a. nega.tive relationship with the delta, of the net en-

ergy (sum of soil latent a.nd sensible heat and ca.nopy la-
tent and sensible heat) emitted by the la_d surface. The

scatter in the relationship is explained by variations in
incoming radiation as a result, of variations in cloud cover

and radiative transfer properties of the atmosphere. The

relationship between delta albedo a.nd delta, net energy is

strongest for short vegetation (r = -0.61) and less strong
{br tall veget.ation (r = -0.31). Notice that contrary to the

model proposed by Cha.rney e/al. (1977), the net energy

emitted by the la.nd surfa.ce decreases with increasing veg-

etation beca.use of a.n increase in albedo with increasing
FPAR.

The rela.t.ionship between the delta net. energy and the
delta, precipitation is fa.irly weak for both short and tall

vegetation types. Moreover, when predicting the mean

delta, precipitation Dora the n_ea.n change in net energy
(-12 W/re'-'), using the regression line, a decrease in pre-
cipitation of about .5 mm per month is found whereas the

average change in precipitation is positive and has a value
of about 1 rain per month.

The sensitivity a.na.lysis with the SiB2,GCM indicates

inconsistencies between the relationships of the compo-

nents of' the positive feedba.ek model proposed 133,Charney

et al. (1977). The most notable differences are the pos-
itive relationship between FPAR and a.lbedo fbr several

vegetation classes and the discrepancy in the delta, precip-
itation versus delta net energy. Delta. precipitation shows

a. negative relationship with the delta, net energy but the
mean devia.tions h ave a reverse sign; the mean delta, in net

energy is -12 W / m _ and the mea.n delta, precipitation is

+1 ram. Alternative feedback n_echa.nisms more closely
linked to the functioning of the biosphere are therefore
investigated.

In figures 7.6.e-h an alternative, biophysically-based

feedback mechanism is suggested, l"igure 7.6 suggests

tha.t a. positive change in FPAI_. leads to a positive change
in assimilation by the biosphere, which in turn leads

to increased evapotranspiration and (convective) rain-

fall. Contrary to the Charney et al. (1975, 1977) model

we see a. negative feedback because the effective precip-

itation, the difference between precipitation and eva.p-
otranspiration, decreases. This reduces the amount of

soil moistnre, increases moisture stress on vegeta.tion and

thus impacts vegetation growth in a negative way. Com-

pared to the components of the model by Cha,rney et

al. (1977), the rela.tionships between the components

of the biospheric model are consistent between vegeta.-
tion types, are stronger overa.ll, and are consistent with

mean deviations in the compouents. Compare the asso-

ciation between FPAlq. a.nd albedo (fignre 7.6.a) with the

association between FPAIq and plant assimilation (figure
7.6.e); the associa.tion between albedo and net energy (fig-

ure 7.6.13) with assimilation a.nd evapotranspiration (fig-
ure 7.6.f); and the association between net energy and

precipitation (figure 7.6.c) with evapotranspiration and
precipita.tion (figure 7.6.g); and finally compare the asso-

ciation between the change in net energy and soil water

cow,tent (tigure 7.6.d) with the change in effective precipi-

tat.ion and the change in soil water content. (figure 7.6.h).

An aspect not considered by the Charney model,
which appears from the biophysical model, is the de-

pletion of soil moisture with increasing eva.potranspira-

tion. The i_crea.sed moisture stress on vegetation leads

to the.teased stomatal resista.nce and reduced transpira-

tion. To introduce a uega_tive feedback between vegeta-
tion and precipitation Cha.rney et al (1977) proposed that

increased cloudiness (a.s a. result, of increased couvection)
would decrease the a.mount of solar ra.diatiou available to

heat the land surface. In fignre 7.6.b a. fair amount of

variation in the delta, albedo versus delta, net energy is

seen, possibly as a. resnlt of variations in cloudiness, but
the overall relationship is preserved. Thus the SiB2-GCM

does predict varia.tions in net. solar radiation, but not to

the extent that they provide a negative feedback between

increased vegetation and increased precipitation.
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7.6 Conclusion

Tile senslt.ivi_y a.nalysis of ca.rbon, energy, and water
fluxes bel.ween the land surface a.nd a.anosphere with t,he

minimum a.nd ma.xmmm FPAI-I runs in the S1B2-GCM

revealed severaJ int.eresting a.specl;s. A cha.nge in FPAR

first, of aJ1 a.ft'ecbs the photosynt.hesis, but only if limiting
factors (increa.sed s_.resses 1337reduced soil moisture and

low lemperaJ, ures) do not, significaaltly increase. Chaa_ges
m the total energy ba.la.nee were small beta.use the aJbedo

changed only slight.ly between the minimum and ma.xi-

muJn FPAI_ run. By cont.ra.st, t.he partit, iouing between
the soil and ca.nopy componenl;s of t.he energy ba.la.nce

changed considerably because the increased leaf a.rea, in-

de× resulted in fimrea.sed she.dewing (more sensible heat

h'om the canopy, less from the soil) and eva.potation (more

lat, ent heat from t he ea.nopy, less latent, hea.t from _he soil).

Projected changes in surface a.ir remperat, ure a.nd ground
_elnpera_nre were closely linked be changes in assimila _ion
and were bet.ween -2 and 0 °C.

Of thc_ inves_iga.l, ed la.ndsurfa.ce processes, warm' ha.I-

ante _s the 1nest. seriously affected. Increased FPAR/ea.ds

t.o increased assimila.tion, increa.sed evapo_ranspira.tion,
and a depletion of soil moisture, especiaJly at low la.t,i-
tudes.

The use of a biosphere mode/ in the la.ndsurfa.ce pa.-

rameterization revea.led novel aspects in a. feedba.ck loop
between vegetation a.nd precipitation proposed by C,ha.r-
hey et el. (1975, 1.977). The current results indica.t,e tha.t

transpiration by veget, a.t,ion is a more ilnporl, ant driver of

convective preeipit, a.l,Jon than the overall changes in t,he

energy balance (see _lso Xue and Shukla 1991). In a.ddi-

tion, observa.l.ions of the wa.ter balance showed tha.t deple-
t.ion of soil lnoist.ure produces a negalive feedback on the

increased veget.ation --, increased preeipita.tiou t>edba.ck
loop, especially a,C low la.tit, udes.
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Chapter 8

Radiative and Physiological Effects of

Doubled Atmospheric CO2 on Climate

Slightly revised from publication by P.J. Sellers, L. Bounoua,
G.J. Collatz, D.A. Randall, D.A. Dazlich, S.O. Los, J.A. Berry, I.
Fung, C.J. Tucker, C.B. Field, and T.G. Jensen, 1996, Science,
271, 1402-1406.

Abstract

The physiological response of terrestrial vegetation when di-
rectly exposed to an increase in atmospheric CO2 concentra-
tion could result in additional warming over the continents
above that due to the conventional CO2 greenhouse effect.

Results from a coupled biosphere-atmosphere model (SiB2-
GCM) indicate that, for doubled COs conditions, evapotran-
spiration will drop and air temperature will increase over the
tropical continents, amplifying the changes resulting from at-
mospheric radiative effects. The range of responses in surface
air temperature and terrestrial carbon uptake due to increased
CO2 are projected to be inversely related in the tropics year-
round, and during the growing season elsewhere.

8.1 Introduction

A number of simulation studies have investigated the im-

pact of increasing atmospheric CO2 concentration on the

energy balance, precipitation, and surface air tempera-

ture of the Earth. A recent assessment of the results pro-

duced by different atmospheric general circulation mod-

els (AGCMs) indicates that the globally-averaged surface

air temperature could increase by 1.5 °C to 4.5 °C in re-

sponse to a doubling of atmospheric CO2 (Houghton et al.
1990). In almost all cases, the impacts of increasing COs

are conventionally associated with changes in the radia-

tion and energy balances; physiologicMly-induced effects

on climate are ignored. In this paper we investigate the

potential for additional warming over the continents as a

result of the physiological response of terrestrial vegeta-

tion when exposed to an equilibrium doubling in atmo-
spheric CO2 concentration.

Terrestrial vegetation takes up CO2 for photosynthe-

sis through small pores in the leaf surface called stomates.

At the same time, water vapor from the leaf interior dif-

fuses out through the stomates to the atmosphere (tran-

spiration). Plants continuously adjust the widths of their

stomatal apertures, apparently to enhance CO2 uptake

for a given evaporative loss of leaf water (Cowan 1977).

Leaf stomatal conductance to water vapor transfer ap-

pears to be sensitive to variations in net photosynthetic

rate, and hence to light intensity, temperature, soil mois-
ture, and atmospheric CO2 concentration, as well as to

changes in humidity and CO2 concentration at the leaf

surface. Leaf-scale models of net photosynthetic assimi-

lation, A, and stomatal conductance, 9s, have been for-

mulated to describe these relations (for example, Collatz
et al. 1991, 1992).

The physiological effects on climate due to increasing

atmospheric COs result from the dependence of photosyn-

thesis and stomatal conductance on COs partial pressure

(Figure 8.1). Short-term exposure of Ca plants to 2 x

CO2 (a doubling of the atmospheric CO_ concentration)

stimulates photosynthesis (figure 8.1.a, b) and decreases

stomatal conductance (figure 8.1.c) from C (control) to

P (physiological response to 2 × CO2). After long-term

exposure to increased atmospheric CO2, plants may re-

duce their biochemical capacity for photosynthesis, Vm_x.

This response is represented by PV (physiological effects

due to 2 × COs with "down-regulated" Vmax) in fig-

ure 8.1.b and c. The PV case in figure 8.1 depicts a

large down-regulation response where photosynthesis at
2 × COs is adjusted to maintain about the same rate

as under normal (1 × CO2) conditions. Down-regulation
has been observed in some, but not all, experiments with

plants grown at elevated CO2 (Field et al. 1992, Tissue

et al. 1993). The extent of down-regulation apparently
depends on species, nutritional status, and environmental

stresses (Gunderson and Wullschleger 1994, Field 1991).
Our calculations indicate an associated decrease in sto-

matal conductance in the range of 25% (P) to 50% (PV)
which is consistent with the range of experimental ob-
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Figure 8.1: Leaf photosynthesis and conductance responses
to local increases in atmospheric C02 for light-saturated con-

ditions, based on leaf-scale model results. (a) Dependence of
leaf photosynthesis for Cs and (]4 vegetation on escterior air
COs concentration. (b) C3 photosynthesis curves for unad-
justed (C, P) and down-regulated (PV) physiology. Note that
the '%1own-regulated" photosynthetic rate at 2 × C02 is the

same as the control case (1 x COs) photosynthetic rate. (c)
Effects on stomatal conductance. Curves show the dependence
of stomatal conductance with increasing C02 for unadjusted

vegetation (P) and down-regulated physiology (P V).

servations on trees (Field et al. 1995a) and herbaceous
species (Morison 1985). Analyses of stomatal densities

on fossil or otherwise preserved leaf surfaces (Beetling and

Chaloner 1994, Penuelas and Matamala 1990, Woodward

1987b) also imply that g_ has decreased in response to
historical increases in atmospheric CO2 partial pressure.

The lines linking the P and PV points in figure 8.1.b,

c thus describe the likely range of physiological responses
of vegetation to increased CO2 in the absence of other cli-

matic effects. Photosynthesis could increase significantly,

with a small reduction in stomatal conductance (the P

case); photosynthesis might remain more or less constant

and 9_ and transpiration significantly reduced (the PV
case); or something in between could occur.

The improved simple biosphere model (SiB2) incor-
porates a coupled photosynthesis-conductance submodel

into its vegetation canopy model (Collatz et al. 1991,

1992, Sellers et al. 1992a, Sellers et al. 1996a) so that
the exchanges of energy, water, and carbon between the

land and atmosphere are modeled as tightly linked pro-

cesses. SiB2 has been linked to an AGCM (Randall et
al. 1996) which also incorporates simple ocean and sea-

ice models (Jensen el al. 1995). Global satellite data for

1987 were used to define the type, density, and greenness

of the vegetation worldwide at monthly intervals (Sell-
ers et al. 1996b, Chapter 5, Appendix D). The use of

these data should correct many biases in previous survey-

based descriptions; for example, overestimation of veg-
etation density in the boreal forest (Dorman and Sell-

ers 1989, Sellers et al 1996b, Appendix D). The satel-

lite data form the basis for specifying monthly fields of

albedo, surface roughness, and a canopy light-use param-

eter which is used to scale up the leaf physiological model

to the canopy scale--i.e., to integrate leaf photosynthesis

to canopy photosynthesis--and leaf conductance, g_, to

canopy conductance, g_ (Sellers et al. 1992a). The model

also calculates the contributions of canopy interception

loss and soil evaporation to the total evapotranspiration
flux. The results from large-area field experiments have

been used to test scaling assumptions involved in the use

of area-averaged satellite data to describe the vegetation

state (Sellers et al. 1992a, Sellers et al. 1995). The com-
bined SiB2-GCM produces plausible fields of evapotran-

spiration, carbon assimilation, and surface energy balance
components in addition to reasonable climate simulations

(Randall et al. 1996). Simulations produced by the SiB2-

GCM have been used in other biosphere-atmosphere stud-

ies (Ciais et al. 1995, Denning et al. 1995).

8.2 Design of Experiment

Model runs were conducted at 7.2 ° by 9.0 ° spatial reso-
lution and 9 layers in the vertical. First, the model was

run using observed climatological sea surface tempera-

tures and the current 1 × CO2 concentration (350 ppm)
for 10 years to obtain the implied ocean heat transports

(Jensen et al. 1995, Hansen el al. 1984) and initial con-

ditions for the experiment runs. This was followed by
six 30-year integrations (runs) in which sea surface tem-

peratures and sea ice were permitted to evolve with time
(figure 8.2).

1. The control (C) run. This consisted of an integra-

tion from the initial conditions out to 30 years using
1 × CO2 (350 ppm) for both the radiative transfer
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Figure 8.2: Sequence and type of numerical C02 experiments

performed with the biosphere-atmosphere model, SiB2-GCM.

The explanation of each case is described in the text.

2.

.

code in the AGCM and the vegetation physiological

model.

The physiology-only (P) run. The CO2 concentra-

tion in the AGCM boundary layer was maintained

at 2 × CO2 (700 ppm) and thus directly influenced

the photosynthesis-conductance model, (figure 8.1).

In this run, the biome-dependent physiological pa-

rameter that limits the maximum photosynthetic

rate VlmaX was the same "unadjusted" as in the con-

trol run. The radiation code operated on a 1 × COu

(350 ppm) CO2 atmosphere.

The down-regulated physiology (PV) run. The as-

similation rates calculated for each grid point for the

last 10 years of the C and P integrations were time-

averaged and ratios were calculated (C/P). These

ratios were used to reduce proportionally the V_n_x

values at every grid point to simulate a large down-

regulation effect. The result is that, at doubled

CO2, the assimilation rates calculated by the vege-

tation model in the PV run should approach those

produced by the C case (figure 8.1.b).

8.3. RESULTS AND DISCUSSION

4. The radiation-only (R) run. This is a conventional

2 × CO2 integration in which only the AGCM ra-

diative transfer code responds to 2 × CO2; the veg-

etation %ees" only 1 × CO2 .

5. The radiation plus physiology (RP) run. This is a

combination of the R and P treatments; the atmos-

pheric radiation code works with 2 × CO2 as does

the (unadjusted) physiology.

6. The radiation plus down-regulated physiology

(RPV) run. The assimilation fields of the last 10

years of the C and RP runs were averaged and their

ratios applied to the Vma x fields in the same way

as for PV. The RPV case was then run forward

using these adjusted fields and 2 x CO2 values for

both the AGCM radiation code and the atmospheric

boundary layer in contact with the vegetation.

Table 8.1 shows assimilation rate (A), canopy conduc-

t,ante (oat), evapotranspiration rate (E), precipitation (P),

and surface air temperature (T) values for each run and

also changes relative to the control run.

8.3 Results and Discussion

The impact of the radiation-only (R-case) treatment on

assimilation (A) was very small; the assimilation fields

generated by the C and R cases were almost identical

everywhere. The P and RP runs had significantly higher

A values than their 1 × CO2 (physiology) counterparts, C

and R, respectively. These results were anticipated from

an inspection of figure 8.1. The down-regulated A values

(PV and RPV) are slightly increased, about 10%, over

the control case (C). This difference indicates that the

down-regulation of A in the PV and RPV treatments was

not complete; largely because A is enhanced at elevated

CO2 concentrations in C3 plants at lower light intensities;

i.e., when Vm_x is not limiting.

The overall effect of down-regulation (PV and RPV)

was to reduce 9_ values by 35% relative to the control (C)

or radiation-only (R) cases while the unadjusted physi-

ology treatments (P and RP) gave reductions of about

25%. This range of responses falls within that observed

in laboratory and field 2 × CO2 manipulation experi-

ments (Morison 1985, Field 1991, Field et al. 1992, 1995a,

Tissue ct al. 1993, Gunderson and Wullschleger 1994).

There is little difference between the radiation-only (R)

and control (C) case fie values, which is consistent with

the assimilation results discussed above. Canopy conduc-

tance generally decreases away from the equator, tbllow-

ing the environmental and vegetation density gradients.

We therefore expect to see the largest physiological im-

pacts of 2 x COu on the evapotranspiration rates in the

tropics, and smaller effects in the high latitudes.
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Table 8.1: Summaw of results ]rorn six double C02 expemments described in the text. C - control. 1 < COs for radiation and

physiology; P - lx C02 for radiation and 2× C02 for physiology; PV - lX C02 .for radiation and 2x COs for down-regulated

physiology; R - 2×6'02 for radiation and 1× COs for physiology; RP = 2× CO2 for radiation and physiology; and RPV =

2× COs for radiation and down-regulated physiology. Values are means over the last 10 years of the 30-year simulations. Values

zn parenthesis are the percent differences from C except in the case of surface air temperature where the values are the differences

from C. Dashes indicate not applicable.

Experiment Tropics Mid latitudes Northern latitudes All land points Global

14.4 ° S 14.4 ° N 28.8 ° N - 50.4 ° N 50.40 N - 72.0°N (land and ocean)

A (p tool m-2 s-1)

C 6.0 (-) 1.8 (-) 1.7 (-) 2.7 (-)

P 8.0 (32) 2.6 (48) 2.3 (36) 3.6 (36)
PV 6.9 (14) 2.0 (11) 1.8 (6) 2.9 (11)

R 6.1 1.7 1.6 2.7(1.)
RP 8.1 (35)

RPV 6.7 (11)

(-3)
2.5 (43)

2.0 (14)

gs (mill

(-2) (o)
2.3 (35) 3.6 (36)

1.8 (9) 2.9 (11)

s-1)
c 2.8 (-)
p 2.1 (-26)

PV 1.8 (-35)

R 2.8 (1)

RP 2.1 (-24)

RPV 1.8 (-36)

0.8 (-)
0.6 (-23)
0.5 (-38)
0.8 (-1)
0.61 (-24)

0.5 (-36)

E (W

0.9 (-)
0.7 (-26)
0.6 (-36)
0.9 (-1)

0.7 (-25)
0.6 (-32)

m-2)

1.2 (-)

0.9 (25)
0.8 (-35)
1.2 (0)

0.9 (-24)

0.8 (-34)

C

P

PV

R

RP

RPV

101 (-)

97 (-4)
97 (-4)

lO6 (5)
lO3 (2)
100 (-1)

5o (-)
49 (-1)

48 (-3)
52 (5)
52 (4)
5o (2)

39

38

37

41

4O

39

(-) 59

(-2) 58

(-4) _7

(7) 62

(3) 61

(1) 59

(-)
(-2)
(-4)

(6)
(3)
(0)

96 (-)

96 (o)
96 (0)

100 (4)

1oo (4)
99 (3)

P (mm day-1)

C

P

PV

R

RP

RPV

4.36 (-)

4.34 (-0.4)

4.35 (-0.2)

4.58 (5)

4.58 (5)

4.45 (2)

2.7 (-)
2.69 (-0.2)

2.78 (3)
2.91 (8)

2.89 (7)
2.79 (3)

2.35 (-)

2.33 (-1)

2.34 (-1)

2.54 (8)

2.49 (6)

2.43 (3)

2.9 (-)

2.9 (-0.2)
2.94 (1.3)

3.10 (7)

3.09 (7)

2.99 (3)

3.29 (-)

3.28 (-0.2)

3.29 (0.1)

3.43 (4.2)

3.42 (4.0)

3.40 (3.3)

T(K)
C 28.1 (-)

P 28.5 (0.4)

PV 28.8 (0.7)

R 29.8 (1.7)

17.4 (-)

(2.6)

17.7 (o.3)
17.9 (0.5)

20.0 (2.6)

4.8 (-)

(2.6)

.5.1 (0.3)

5.9 (1.1)

8.8 (4.0)

19.6 (-)

(3.3)

,9.8 (0.3)
20.2 (0.7)
22.2 (2.6)

18.5 (-)

(2.7)

18.7 (0.1)

18.9 (0.3)
20.4 (1.9)

RP 30.2 (2.1) 20.3 (2.9) 8.7 (3.9) 22.4 (2.8) 20.5 (1.9)
RPV 30.6 20.0 8.1 22.2 20.4 (1.8)

The physiological effects of P and PV act to reduce

evapotranspiration (E) as the stomatal conductance falls

(figure 8.1.c). However. the R runs resulted in an in-

crease in available energy (net radiation) at the Earth's

surface and in the absence of physiological effects. E

was boosted. When the physiological effects were applied

along with the radiative effects, evapotranspiration was

progressively reduced tRP and RPV) so that ultimately

the global mean value of E for land in the RPV case was

about the same as it was in the control (C) case. The

physiological effects thus largely counteracted the radia-

rive effects on evapotranspiration in the RPV case. How-

ever. the additional available energy at the surface (net

radiation) resulting from the radiative response to 2 x

CO2 was then released as sensible heat causing a fur-

(her increase in surface air temperature, in the absence of

non-local effects.

For most places, the effects of the physiological treat-

mem, s (P, PV. RP. RPV) on prempkadon were small com-

pared to those of radiation (R). There were only small

changes in the total land precipitation ral, e in the P and

PV cases. Precipitation increased significantly in the R
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Figure 8.3: Zonal mean surface air temperature (o C) for the

last 10 years of the simulations for all land points for the ecc-

periments discussed in the text, expressed as differences from

the control (1 x C02) case. (a) January, (b) July.

case, in line with most other AGCM 2 x CO2 studies,
then fell off slightly with the RP case, and was reduced
further in the RPV treatment.

The regional and temporal distributions of the changes

in surface air temperature (T) due to physiological effects

are striking (figure 8.3). The P and PV effects were gen-

erally small compared to those in the R runs, and are

consistent with the reductions in evapotranspiration (Ta-
ble 8.1) and our interpretation of figure 8.1. The increase

in temperature in the R run is large in the Northern Hemi-

sphere and relatively small at lower latitudes, in line with

results from previous "greenhouse effect" (R-case) stud-

ies. In July, the RP and RPV results showed proportion-
ally larger increases in T in the tropics, which reduced

the July mean meridionM temperature gradient over land
in the Northern Hemisphere relative to the R case. Sur-

prisingly, in January, the RP and RPV cases gave rise
to a modest reduction in temperature in the land boreal

zone relative to the t{ case (figure 8.3). These results

are at odds with those reported by two previous studies

(Henderson-Sellers et al. 1995, Pollard and Thompson
1995). The landsurface parameterizations used in these

two studies were based on highly empirical leaf stomatM

conductance formulations which were not linked to pho-
tosynthetic processes. Also, the location and state of

the global vegetation was based on extrapolations from

a relatively smM1 number of ground surveys reported in

the ecological literature. Both studies imposed a halving

(i. e., 50% reduction) of stomatal conductance everywhere,
which may be compared with the reductions of between

25% (P, RP) and 35% (PV, RPV) calculated for 9_ in

our study. In one of the studies (Pollard and Thompson

8.3. RESULTS AND DISCUSSION

1995), evapotranspiration in the tropics was almost un-

affected by physiological effects; this may be because the

Pollard and Thompson (1995) model distributes convec-

tive precipitation evenly over land grid squares resulting
in an overestimation of canopy interception loss and a

reduction in the importance of canopy transpiration to

the total latent heat flux. Both of the previous stud-

ies projected significant impacts of physiological effects
in the boreal zone in July which led to increases in sur-

face temperature there. For the same area, our results

indicate that the combined (radiative plus physiological)
responses to 2 × CO2 yield only a slight warming relative

to the R-case in summer and a slight cooling in winter.

(figure 8.3).This result implies that non-local effects, gen-

erated by the strong year-round physiological responses in
the tropics, can affect the high-latitude climate. Thus the

radiative and physiological responses to 2 x CO2 combine

in a non-additive way.

The radiation-only (1%) results produced by SiB2-

GCM give a warming at the low end of the range ob-

tained from other numerical simulations of the equilib-
rium response to 2 x CO2 (Houghton et al. 1990): the

total increase in global surface air temperature in the R

case was 1.9 °C. The effects of physiological responses

to 2 × CO2 alone, in the absence of radiative effects,
were anticipated from a simple consideration of the role

of physiological processes in the surface energy budget (P
and PV cases). The combination of physiological and ra-
diative effects produced big impacts in the tropics where

physiological effects increased the R-case temperature in-

crement from 1.7 °C to between 2.1 °C (RP case) and
2.6 °C (RPV case). The physiologically induced effects

are concentrated around midday and so many of the ef-

fects generated by the RP and RPV warming scenarios
would be greater than those implied by the increases in

mean temperatures. The projected tropical temperature

increase of 2.6 °C (RPV case) is comparable to the re-

sults of Amazon deforestation simulation studies, which

typically yield increases of 2-4 °C in surface air temper-

ature as a result of replacing all of the primary tropical

forest with C4 pasture. It; has been suggested that there
would be significant ecological impacts as a result of such

a climate change (Nobre et al. 1991). However, a dou-

bling of atmospheric CO; is more likely to occur than the
complete deforestation of the Amazon within the next
century.

Figure 8.4 compares the changes in global assimila-

tion and surface air temperature resulting from the dif-
ferent treatments; the total response to 2 x CO2 should

lie somewhere along the RP - RPV axes for all cases. The

RP and RPV results in figure 8.4 can be compared with

the sum of vectors representing the results of separate

radiation-only (R) and physiology-only (P, PV) treat-
ments. We have constructed analogues to the RP and

RPV cases using (R+P) and (R+PV) vectors, respec-
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different land areas tor all the experiments described in text. All differences are defined relative to the control (1 x C02) case.
The vectors (R) and {P, PV) Isolid arrows, show the separate effects of radiation and physiology, respectively. (a) tropics, (b)
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northern latitudes (b) or all land points (c). This result indicates that the physiological response of the tropics may play a strong
role in determining the climatic response to 2x C02 at higher latitudes.

tively, and have plotted them on figure 8.4.a. A compar-

ison of the RP with (R+P), and the RPV with (E+PV)
points indicates that the interactions between the radi-

ation and physiological effects can be non-additive de-

pending on geographical location; that is, the two vectors
cannot be treated independently because of non-local in-

fluences, particularly in the northern mid and high lati-

tudes (figure 8.4.b). In the tropics, however, the results

suggest that these effects are approximately additive, pre-
sumably because local processes dominate in this zone

(figure 8.4.a). This result is relevant to field studies where

vegetation canopies are exposed to enriched CO2. Fig-

ure 8.4 implies that these studies, which generally focus

on the carbon budget, should also include energy budget
(radiation, water, heat fluxes) measurements. It will be

necessary to combine the results from these studies with

the anticipated changes in the energy and water balances

ti'om AGCM investigations to obtain a complete picture
of the total environmentM response to increased CO_.

In the tropics, it is projected that the value of the as-

similation rate A for the terrestrial biosphere is inversely
related to changes in the surface air temperature under 2

x CO2 conditions (see the RPV-RP axis in figure 8.4.a).
For the northern latitudes, this is true tbr the growing

season but, because of the lower winter temperatures as-
sociated with the RPV case, the mean annual assimilation

rates and temperatures appear to be correlated (figure
8.4.b). For the globe, the net result is that total assimi-

lation varies widely for little variation in the global mean

air temperature (figure 8.4.c).

8.4 Conclusion

We performed six CO2 simulations using observed veg-
etation conditions tbr 1987, as obtained from satellite

data. We did not consider morphological responses (that
is, changes in leaf area index or greenness) or changes in

vegetation type (migration of biomes) in response to al-

tered climate or plant physiology. Human impacts on the

distribution of vegetation are likely to be important but

are difficult to predict. The potential role of plant phys-

iology on climate is simulated to be substantially larger
when physiology is down-regulated than when it is not

(PV versus P and RPV versus RP). However, there is a

large uncertainty as to whether the aggregate terrestrial

biospheric response will be closer to the unadjusted (RP)
or down-regulated (RPV) case.
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Chapter 9

Linkages Between Climate, Vegetation,

and Atmospheric CO2 During the 1980s

Publication in preparation by S.O. Los, G.J. Collatz, P.J. Sell-
ers, C.J Tucker. and L. Bounoua.

Abstract

A monthly global satellite-derived vegetation dataset for the
1980s has recently become available. This dataset allows, for
the first time, investigating of linkages between landsurface
temperature, sea surface temperature, precipitation and veg-
etation greenness at a global scale. The results indicate a
linkage at mid and high latitudes between climatic variations

in sea surface temperature and landsurface temperature that
affect landsurface vegetation. A second, more localized link-
age was found at low latitudes between sea sin-face tempera-
ture, precipitation, and vegetation greenness. The coupling
between sea surface temperature, landsurface temperature,
and vegetation greenness suggests that increased photosynthe-
sis was responsible for the terrestrial carbon sink of the past
four decades. The increased greenness, and by inference, in-
creased photosynthesis resulting from increased temperatures,
was found most important during the start and end of the

growing season at mid latitudes and throughout the growing
season at high latitudes.

1980s were the Sahelian drought of 1984 (Nicholson 1993,

Lamb et al. 1986), that has been associated with varia-

tions in Atlantic sea surface temperatures (Palmer 1986),

and an overall, gradual warming of landsurf'ace temper-

atures from the mid to late 1980s (Jones et al. 1990,

Jones and Briffa 1992). Keeling et al. (1995) suggested
that interannual climate variations in landsurface air tem-

perature and possibly precipitation affect the terrestrial

biospheric carbon sink-source distribution. This would

provide an explanation for the disproportionate rise in

atmospheric CO2 growth rate during the early 1980s and

a sharp fall after 1.988 and for the large terrestrial carbon

sink in the Northern Hemisphere during the past four

decades found from atmospheric CO2 analysis (Keeling

et al. 1995, Tans et al. 1990, Ciais et al. 1995, Denning

et al. 1995). Several authors suggested a lengthening of
the growing season as a possible mechanism for an in-

crease in the terrestrial carbon sink (Goulden et al. 1996,
Keeling et al. 1996). In this chapter evidence is presented

for linkages between variations in sea surface temperature

and vegetation greenness, thus connecting climate varia-

tions with variations in atmospheric CO2.

9.1 Introduction

Significant interannual variations were observed in global
climate during the 1980s. Two warm E1 Nifio-Southern

Oscillation (ENSO) phases occurred during 1982-1983

and 1987 1988 and a cold-ENSO phase occurred during
1988 1989. E1 Nifio is a warming of the eastern equa-
torial Pacific Ocean that has been related to a reversal

of a high and low atmospheric pressure seesaw system

over western Australia and the Central Pacific Ocean (the
Southern Oscillation; see e.g., Glantz et al. 1991, Philan-

der 1990). During ENSO events, large changes in atmo-
spheric and oceanic circulation occur that are associated

with droughts in some areas and torrential rains in oth-

ers (Glantz et al. 1991, Philander 1990, Ropelewski and

Halpert 1987). Other major climate events during the

9.2 Data

Recently a multi-year (1982 1990), monthly, global Nor-

realized Difference Vegetation Index (NDVI) dataset at

1o by 10 resolution has become available (Chapters 4 and
5). The NDVI is a commonly-used index derived fl'om

remotely sensed reflectance data in the red and near-

infrared spectral regions. The red reflectance is inversely
related to the chlorophyll density and the near-infrared

reflectance is directly related to scattering within individ-

ual leaves and between leaves in the canopy. Combining
these two adjacent spectral regions in an index provides
a first order correction tbr differences in irradiance and

gives an estimate of the intercepted fraction of the pho-

tosynthetically active radiation absorbed by vegetation

(see Chapter 2 for references). It is this association of the
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Figure 9.1: (a-d) Monthly mean global anomalies (dots) and monthly mean Northern Hemisphere anomalies (lines). Anomalies
were calculated as departures from monthly mean values for 1982 1990. Data above 50 degrees N and below 50 degrees S were
eliminated. Time-series of the original datasets were filtered to suppress noise (Tukey 1977).

(a) Sea surface temperature anomalies. (b) Landsurface temperature anomalies. (c) ND VI anomalies. (d) Precipitation anoma-
lies.

Figures e and f show a consistency test of the relationship between landsurface air temperature anomalies and ND VI anomalies
for intra- and interannual variations.

(e) Trend (line) and departures from the trend (arrow) in the Northern Hemisphere air temperature anomalies. (f) Plot of
departures from the trend in temperature anomalies and departures from the trend in NDVI anomalies (dots). Dashed line
shows the least squares fit for the dots. The solid line gives the relationship between the long-term trends of the NDV] and the
landsurface air temperature anomalies.

NDVI with vegetation that is exploited to assess interan-

nual variations in vegetation density.

The NDVI data were corrected for sensor degrade-
tion and differences in calibration between instruments

(Appendices A and B), atmospheric aerosols of the E1-

Chichon eruption in 1982 (Chapter 5, Vermote et el.

1995), and solar zenith angle effects (Chapter 5).

We analyzed associations between interannuM vari-

ations in vegetation greenness and variations in cli-

mate from 1982 through 1990 with the NDVI dataset,

the Reynolds sea surface temperature (SST) dataset

(Reynolds et el. 1989), and the Department of En-

ergy (DOE) ground-observed landsurface air temperature

anomaly (Jones et el. 1985) and landsurface precipitation

anomaly datasets (Eischeid et el. 1991).

9.3 Analysis

Time-series of monthly anomMies--i.e., departures from

the monthly means over the period 1982-1990--of SST,

NDVI, landsurface air temperature, and landsurface pre-
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Table9.1: Factor loadings from a promax .factor analysis
(Reyment and JSreskog 1993) of globally and Northern Hemi-
sphere averaged monthly NDVI-. SST- precipitation- and
landsurface air temperature anomalies from 1982-1990. High
loadings (positive or negative) on a factor indicate, high (posi-
tire or negative) association between variables.

Global Northern Hemisphere
Factor 1 Factor 2 Factor 1 Factor 2

SST 75 42

T 89 -18

NDVI 85 -14

PPN -11 94

61 82

94 20

92 17

2 92

cipitation data were averaged over the globe and the

Northern Hemisphere (figure 9.1). The globally-averaged
SST anomMies exhibit a warm phase (1982 1983). a cold

phase (1984-1985j, a warm phase (1987 1988j and again
a cold phase (1988 1989) superposed on a trend over the

1980s. The close resemblance between average North-
ern Hemisphere and average global landsurface NDVI

anomalies reflects the importance of the large Northern
Hemisphere landmass for global climate-vegetation inter-

actions. The positive trend in the SST data during the
mid to late eighties, and the negative and positive de-

partures during 1984 1985 and 1989-1990 respectively,

are reflected in the landsurface air temperature and the

NDVI data. The temporal development of precipitation

(figure 9.1.d) appears different from the temporal devel-

opment of the other two landsurface datasets (NDVI and

air temperature), although a degree of similarity exists
between precipitation and SST anomalies The similari-

ties and dissimilarities are confirmed by a promax factor

analysis tReymem and JSreskog 1993) of the global and

Northern Hemisphere averaged time-series {Table 9.1). A
factor analysis has a similar purpose as a principal com-

ponent analysis in that it seeks general factors in mul-

tivariate datasets. Unlike a pnncipal component anal-

ysis, the •factors from a promax factor analysis can be
rotated at oblique angles Lo better fit the directions of

maximum variance m the data and can therefore have

non-zero correlations with each other. A promax factor
analysis generally results in a simpler structure than a

principal component analysis and thus simplifies the in-

terpretation (Reyment and JSreskog 1993).

A strong association between SST. NDVI. and air tern-

perature anomMies is indicated by the loadings on the
first factor, while precipitation is unique and has little

or no relationship with the landsurface variables (Table
9.1). SST anomalies are related _o both NDVI and air

temperature anomalies in factor 1 and _o precipitation

anomalies in factor 2. Thus on a global scale, anomalies
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in the NDVI are associated with anomalies in landsurface-

and sea surface _emperatures.

The relat ionship between Northern Hemisphere NDVI
and landsurface air temperature anomMies was tested for

consistency within and between years. The relationship

between the trend in landsurface air Lempera_ure anoma-
lies and the Crend in NDVI anomalies is similar to the re-

lationship between the departures from the trend of these

two variables (figure 9.1.f, This implies a similar rela-
tionship between air temperature and SST anomalies for

both short and long time periods, and suggests that the

trend in landsurface air temperature over the past four
decades has been accompanied by a similar increase in

the global photosynthetic capacity.

TemporM phenomena common _o both the SST and

the NDVI anomaly data were evaluated by a weighted
promax factor analysis (Statistical Sciences 1993_ of a

combined NDVI-, and SST anomaly dataset (figure 9.2).

The loadings on the first factor (figure 9.2.a) closely re-

semble the positive SST departures in the ENSO3 region
during the warm ENSO events of 1982-1983 and 1986

1988. and the negative departures during the cold ENSO

event of 1988-1989. indicating a strong association be-

tween these. The loadings on the fourth factor (figure
9.2.b) are high during the 1984-1985 cold SST phase and

close to zero otherwise, indicating a different manifesta-

tion of this global event compared _o the ENSO events
of 1982 1983. 1986 1988 and 1988-1989 visible in the

first factor and the ENSO3 anomalies {figure 9.2.a). The

globally-averaged SST. temperature, and NDVI anoma-

lies show larger excursions for the 1984-1985 global event
than for the 1982 1983. 1986 1988, and 1988-1989 ENSO

events. Thus global SST anomalies have a larger imme-
diate impact on global landsurface vegetation processes

than SST anomalies in the ENSO3 region.

The factor analysis in figure 9.2 indicated four peri-

ods of interest, of which three were investigated in more
detail: 1982-1983. 1984 1985. and 1988-1990. For these

three periods synthetic factors were composed of a zero

line with a 24-month half-period sine function superposed
(figure 9.2/so that the half period sine function coincided

with the occurrence of a particular event. Pixel-by-pixel

covariances were calculated bet ween the synthetic fact ors

and the scaled SST and NDVI anomaly dataset (figure

9.3). Negative covariances indicate negative deviations
in SST or NDVI associated with a particular event and

positive covariances indicate positive deviations in SST
or NDVI.

The covariances show similar spatial patterns with re-

versed signs for the 1982-1984 warm ENSO event (figure

9.3.a) and the 1988 1990 cold ENSO event (figure 9.3.c).

The reversed association between these two periods was
also indicated by the loadings on the first factor in the

SST and NDVI anomalies (figure 9.2.a). Both the ENSO

warm phase (figure 9.3.aj and the ENSO cold phase (fig-
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Figure 9.2: Factor loadings (Statistical Sciences 1993) of monthly 1 ° by 1 ° NDVI anomaly-, and Sea Surface Temperature

anomaly data for 1982-1990. The factor analysis was restricted to data between 50 o N and 500 S to avoid gaps associated with

high latitude satellite observations during winter. To give equal weighting to landsurface NDVl and SST anomaly data, anomalies

were scaled by the standard deviation of their respective total populations and the amount of SST data was reduced by randomly

selecting one-third of the data. The NDVI and SST anomaly time-series were filtered to remove high frequency noise from the

data (Tukey 197"7). (a) Dots: Loadings on the first factor. Continuous line: SST anomaly in the ENS03 region (50 S to 5 ° N

and 90 o W to 1500 W). Dotted and dashed lines: synthetic factors composed of a zero line with a half period sine curve of 24

months superposed for the 1982 1983 warm ENSO cycle and the 1988-1990 cold ENSQ cycle respectively. (b) Dots: Loadings

on the fourth factor. Line: synthetic factor composed of a zero line with a half period sine curve of 24 months superposed for

the 1984-1985 period of global cooling of SSTs. The loadings on the first factor (a) coincide with the sea surface temperature

anomalies in the ENS03 region (continuous line). The weak cold cycle during 1984-1985 in the ENS03 data does not appear in

the factor loadings and is therefore different from the other ENSO events (b). The synthetic factors in a and b are used to bring

out the association between land-, and sea surface anomaly patterns for the 1982 I983 warm ENSO cycle in figure 9.3.a (dotted

line in 9.2.a), the cold global SST event during 1984-1985 in figure 9.3.b (line in 2b) and the cold ENSO cycle of 1988-1990 in
figure 9.3.c (dashed line in 2a).

ure 9.3.c) show alternate wedge shaped patterns of pos-
itive and negative SST anomalies, respectively, near the

equator: warming (cooling) in the eastern Pacific, cool-

ing (warming) in the Atlantic, warming (cooling) over the
Indian ocean, and cooling (warming) over the western Pa-
cific. These SST anomaly patterns have been associated

with changes in coupled atmospheric and oceanic east-
west circulation causing increased convection and rainfall

near areas with increased SSTs and decreased convection

and rainfall near areas with decreased SSTs (Bjerknes
1969, Trenberth 1991). As a result of the decreased con-
vection we find decreased NDVI values in land areas that

are linked to parts of'the oceans with decreased SSTs, e.g.,

northeast Brazil, the Gulf of Guinea in Africa, southeast
Africa, and southwest Australia.

At Northern Hemispheric mid-latitudes, the data
show a contiguous belt of decreased SSTs and NDVIs for

1982-1983 and increased SSTs and NDVIs for 1988-1989.

The departure in NDVIs and SSTs at mid latitudes is

opposite in sign from the departures in the western equa-
torial Pacific, suggesting a teleconnection between these
areas.

The 1984 1985 cold SST event (figure 9.3.b), which is
uniquely different in its manifestation of spatial patterns

from the two events in figures 9.3.a and c, shows a cool-

ing in the western equatorial Pacific Ocean and a belt of

negative mid-latitude excursions in the NDVI and SST

anomalies resulting in negative values over almost the en-

tire Northern Hemisphere. Thus two dominant features

appear in the data, one associated with SST anomalies

and vegetation anomalies near the equator, and the other

with SST and vegetation anomalies at mid and high lat-

itudes. These two features can have departures of the
same sign, which for the 1980s resulted in deviations in

SST and vegetation greenness over the entire Northern

Hemisphere; or of opposite signs, in which case the mid

and high latitude anomalies were stronger than the low
latitude anomalies (compare SST and NDVI anomalies in

figure 9.1 during 1984 with the anomalies during 1987).

To investigate possible mechanisms between the asso-

ciations between SST and NDVI anomalies, correlations
for each grid cell were calculated between NDVI and land-

surface temperature anomalies, and NDVI and precipi-
tation anomalies (figure 9.4). Positive correlations be-
tween NDVI and temperature anomalies dominated over

mid and high latitude areas in the Northern Hemisphere

and positive correlations between precipitation and NDVI
anomalies dominated at low latitudes. Notice that areas

with positive correlations between NDVI and landsurface

temperature anomalies cover a large, contiguous part of
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Figure 9.3: Pixel-by-pixel covariances of NDVI and SST anomalies with the synthetic factor loadings of figures 9.2.a and 9.2.c

revealing patterns of SST warming and cooling contiguous with land areas of increased and decreased ND VL ND VI and SST data

were scaled by the standard deviation of their respective total populations. Note that for this figure the entire dataset is used. A

spatial 3 by 3 median filter was used to suppress noise. For a color version see figure E.2.

(a) Covariances for 1982 1983 with the dotted line in figure 9.2.c reveal (1) strong warming in the eastern equatorial Pacific (El

Ni_o) associated with cooling in the equatorial Atlantic ocean and droughts (decreased ND V[ values) in northeast Brazil (Moura
and Shukla 1981), the African Gulf of Guinea, and southeast Africa; (2) warming in the Indian ocean and increased NDV[ values

in northeast Africa and northwest Australia; and (3) cooling of the western Pacific and associated droughts in southwest Australia

(Glantz et al. 1991, Philander 1.990, Bopelewski and Halpert 1987). Notice the contiguous belt at mid and high northern latitudes
of negative SST and NDVI anomalies.

(b) Covariances with synthetic factor loadings for 198_ 1985 (figure 9.2.d dotted line) indicate negative anomalies in both SSTs

and NDVI over almost the entire globe. A pattern of decreased SST and NDVI values appears over the equatorial Pacific, the

Atlantic north of the equator, the Sahel (198_ drought), India, China, Europe, northern Asia, the northern Pacific, and North
America.

(c) Covariances with synthetic factor loadings for 1988 1990 (figure 9.2.c, dashed line) show almost the reversed pattern of figure

9.2.a. Cooling is found over the eastern equatorial Pacific and Indian Oceans, warmings over the Atlantic and western equatorial

Pacific Oceans. Increased NDV[ values occur over northeast Brazil, the Gulf of Guinea, southern and northeastern Africa and

southwest Australia. Decreased NDVI values are found over northeast Australia, and the .southern part of South America. A belt
of increased SSTs and NDVI values is located over mid northern latitudes.
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Figure 9.4: (a) pixel-by-pixel correlations between NDVI anomaly-, and landsurface air temperature anomaly time-series. (b)
pixel-by-pixel correlations between ND V[ and rainfall anomaly time-series, Air temperature and precipitation data were extrap-
olated to the spatial resolution of the I ° by 1 ° NDVI data by using one value for each 5° by 5 ° window. A 3 by 3 median filter
was used to suppress noise. For a color version see figure E.3.

the Northern Hemisphere, whereas areas with positive
NDVI-precipitation correlations tend to be localized in

semi-arid regions. The anomalies in rainfall and NDVI at

low latitudes have been associated with changes in con-
vection and SSTs: increased SSTs lead to increased con-

vection, rainfall, and vegetation greenness; and decreased

SSTs lead to decreased convection, rainfall, and vegeta-

tion greenness (Bjerknes 1969, Ropelewski and Halpert

1987). The data suggest a similar positive linkage at mid

and high latitudes between anomalies in SSTs and vegeta-
tion greenness but driven by landsurface air temperature

anomalies instead of precipitation anomalies (figures 9.3

68

and 9.4).

It could be argued that the positive correlations be-

tween NDVI and landsurface temperature are an artifact

resulting from a relationship between increased tempera-
ture, decreased cloudiness, and as a result increased NDVI

because of a clearer, less cloudy atmosphere. This in itself

would be an interesting association but; clearly not the one

currently investigated. To test this alternative hypothe-
sis correlations between landsurface temperature anoma-

lies and precipitation anomalies were calculated. Areas

with a negative correlation between precipitation and air

temperature anomalies of r < -0.2 and a positive corre-
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Figure 9.5: Examples of time-series with positive correlations (r > 0.3) between NDVI and landsurface air temperature anoma-

lies. Area numbers correspond to numbers in figure E.3.a. (a, g, m) Landsurface air temperature time-series. (b, h, n) NDVI
anomaly time-series. (c, i, o) Precipitation anomaly time-series. (d, j, p) Precipitation anomalies versus NDVI anomalies. (e,
k, q), Landsurface air temperature anomalies versus NDVI anomalies. (f, l, r) Landsurface air temperature anomalies. Smoothed

lines indicate trends in the data. Note that the correlations between landsurface air temperature and NDVI are larger than the
correlations between precipitation and NDVI and that their time-series show a larger degree of similarity. For an alternative

model to explain the NDVI landsurface air temperature relationship, i.e., higher temperatures lead to less cloudiness (rainfall)
and fr clearer atmospheres one would expect a negative correlation between landsurface air temperature and precipitation and a
positive relationship between landsurface air temperature and NDVI. This is not the case.
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lation between NDVI and air temperature anomalies r >
0.2 are indicated in figure E.a.a. A small number of these

areas were found, mostly located in low to mid-latitudes.
In several cases these areas were located next to areas

with missing temperature data (figure E.a.a) suggesting
that the relationship may be the result of insufficient data

coverage.

NDVI, landsurface air temperature, and precipita-

tion anomaly time-series for 1982-1990 are shown in fig-
ure 9.5 with the relationships between precipitation and
NDVI anomalies; landsurface air temperature and NDVI

anomalies; and landsurface air temperature and precip-
itation anomalies. The relationship between increased

temperature and NDVI is especially strong in western
Europe. Moreover the NDVI anomalies have no rela-

tionship with the precipitation anomMies. For the other

two cases, North America and Asia, the correlations be-

tween landsurface air temperature and NDVI are larger
than the correlations between precipitation and NDVI,

and the time-series of NDVI and landsurface air temper-
ature show a larger degree of similarity than the time-

series of precipitation and NDVI. The correlation between

landsurface air temperature and precipitation anomalies

is smMler than the negative correlation between landsur-

face air temperature and NDVI. Therefore, the relation-

ship between NDVI and landsurface air temperature is

most likely not an artifact related to reduced cloudiness,
at least not in the majority of cases.

An issue of some debate is whether the largest in-

crease in absorption of atmospheric CO2 by vegetation

occurs during spring, summer, or autumn. Although we

do not have direct estimates of CO2 uptake by vegeta-
tion and respiration by the soil, the changes in vegetation
greenness as evidenced by the NDVI are useful to indicate

the occurrence of largest increase in vegetation, and pos-
sibly of the largest increase in carbon assimilation. For

three areas in North America, Europe, and Central Asia,

a change in temperature was compared with a change in

NDVI for the spring (MAM), summer (JJA) and autumn
(SON) (figure 9.6). In the selected area in North America

the NDVI shows a similar positive relationship for spring,
summer, and autumn. In western Europe the relation-

ship between landsurface air temperature and NDVI is

stronger positive for the spring than for the summer and

autumn. For the selected area in Asia the relationship
between NDVI and landsurface air temperature anoma-

lies is similar for spring and autumn, but weaker, if at all
existent, for the summer. Thus in all cases increased air

surface temperatures lead to increased NDVI values dur-

ing spring, in two cases increased air surface temperatures

lead to increased NDVI values during autumn, and in one
case increased air surface temperatures lead to increased

NDVI values during summer. This continental scale effect

is consistent with the findings of Goulden et al. (1996) for

a temperate forest; increased temperature during spring

leads to an expansion of the growing season and as a re-

sult vegetation greenness increases. The stronger effects
during spring or autumn in the selected areas in North

America and Europe, which are at a lower latitude than

the area in Asia where an effect was found throughout
the year, suggest that warming of the land surface results

in a reduction of low temperature stress on vegetation.

This reduction is important only during the start or end

of the growing season in temperate regions, but may be

important throughout the growing season in colder, high
latitude areas.

9.4 Discussion

The results presented in this study point to a consistent

pattern: on a global scale, SST anomalies have a posi-
tive correlation with anomalies in vegetation. The data

suggest two mechanisms for this association: the first is

a link between SST, landsurface temperature, and NDVI

anomalies which was found at mid and high latitudes;

the second is a link between SST, precipitation, and veg-
etation which was found in semi-arid regions at low lati-
tudes. For the mid and high latitude areas where water

is not a limiting factor (e.g. western Europe, and the bo-

real forests of North America and Asia), negative NDVI
anomalies were associated with decreased ocean and land-

surface temperatures and shorter growing seasons. The

effects are widespread and affect landsurface vegetation
over a large part of the Northern Hemisphere. For low lat-

itudes, we see alternating patterns of warming and cooling

in the oceans that have been associated with changes in
convection and rainfM1 (Bjerknes 1969, Ropelewski and

Halpert 1987) and because of increased drought or wet-
ness, with changes in NDVI . Reduced rainfall over land

areas where moisture is a limiting factor causes negative
anomalies in NDVI. Decreased NDVI and precipitation

are associated with increased landsurface temperatures in
these areas. Of the two mechanisms, SST -+ landsurface

temperature --+ NDVI at mid and high latitudes, and SST

--+ precipitation --+ NDVI at low latitudes, the effects of

sea surface temperature change at mid and high latitudes

were found to have a stronger effect on the global mean
NDVI values.

Higher NDVI values imply higher photosynthetic rates

but not necessarily a higher net drawdown of atmospheric

CO2 as soil respiration may also increase with tempera-

ture. Comparing the estimates of Keeling et al. (1995)
of net terrestrial biospheric carbon exchange for 1984 and
1989 shows that cold years (in terms of landsurface tem-

peratures) are associated with a net carbon source and

warm years with a net sink. The NDVI time-series for

1982-1990 are coherent with the overall sink/source in-

ference of Keeling et al. (1995), which strongly suggests

that large interannual variations in terrestrial CO2 up-
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Figure 9.6: Relationships between landsurface air temperature anomalies and ND W anomalies for different parts of the growing

season. Lines marked 3 indicate data for March, April and May. Lines marked 6 indicate data for June, July, and August. Lines

marked 9 indicate September, October, and November. (a) Asia, (b) Europe, and (c) North America. Numbers in the figure

titles refer to locations indicated in figure E.3.a. In the area in North America the ND VI shows a similar relationship for spring,

summer, and autumn. In western Europe the relationship between landsurface air temperature and ND VI is stronger positive for

the spring than for the summer and autumn. For the selected area in Asia the relationship between NDV1 and landsurface air

temperature anomalies is similar for spring and autumn, but weaker, if at all existent, for the summer.

take are most likely caused by an extension of the grow-

ing season. Goulden et al. (1996) report that annual CO2

exchange from a deciduous forest in northeastern North

America is sensitive to interannual variations in the tim-

ing of leaf expansion in the spring and leaf senescence in

the fall that are associated with variations in air temper-

ature. Our data suggest a similar mechanism but also

suggest that the strongest association between tempera-

ture and NDVI may occur during different parts of the

growing season because of location- stress.

The interaction between temperature, NDVI, and

CO2 uptake by mid and high latitude vegetation seems to

be reflected in the observed interannual variations in the

atmospheric CO2 concentration. This suggests a mecha-

nism for the inferred carbon sink of the 1980s, which was

a period of general warming. The trend in temperature

over the 1980s has been accompanied by a similar posi-

tive trend in vegetation greenness (NDVI); this trend is

likely an extension of vegetation activity that followed the

warming of the past four decades, since the mechanism re-

sponsible for variations within and between years appears

similar (figure 9.1). Thus net carbon source/sink patterns

which affect the atmospheric CO2 concentrations are as-

sociated with climate-driven variations in vegetation ac-

tivity as measured by coarse-resolution satellite derived

time-series of NDVI. Moreover, the variations in vegeta-

tion greenness are linked to variations in sea surface tem-

perature at mid to high latitudes predominantly because

of temperature effects over land, not, as was suggested by

some, to changes in precipitation rates at low latitudes

linked with ENSO events. This is the first directly ob-

served evidence of global scale change in vegetation in re-

sponse to recent climate variations and is consistent with

the inferred terrestrial carbon fluxes from local and global
observations.
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Chapter 10

Summary and C
Dutch

onclusions in English and

Linkages Between Global Vegetation and Climate: An

Analysis Based on NOAA Advanced Very High Resolution

Radiometer Data

This dissertation deals with temporal and spatial vari-

ations in the biosphere observed by satellite and the link-

ages of these variations with variations in the global cli-

mate. The study is part of a larger Earth Observing
System (EOS) Interdisciplinary Science (IDS) Biosphere-
Atmosphere Interactions project that deals with the im-

plications of these interactions of biosphere-atmosphere
interactions for the global carbon cycle. For this disserta-

tion, both model results and observations were used. Six
significant goals were achieved:

1. A multi-year, 1982 1990, monthly global vegetation
dataset at 1 ° by 1° resolution was derived from

observations by the Advanced Very High Resolu-
tion Radiometer (AVHRR) on board the National

Oceanic and Atmospheric Administration (NOAA)

series of meteorological satellites (Chapter 4, Ap-
pendix C). This sensor is widely used for re-

gional and global vegetation monitoring (Chapter
2). NOAA-AVHRR channels 1 and 2 data were

converted into a normalized vegetation index, a pa-
rameter that is most closely related to the frac-

tion of photosynthetically active radiation absorbed

by vegetation. The NDVI data were merged in

monthly composites at 1 ° by 1° resolution provid-

ing sufficient temporal and spatial detail to study

interannua.1 variations in global vegetation.

2. Potential inconsistencies in the satellite observa-

tions of the land surface are caused by sensor degra-
dation, cloud effects, atmospheric interferences, and

landsurface bidirectional properties (Chapter 3, Ap-
pendix C). A large part of this dissertation is there-
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fore devoted to the development of algorithms that
correct for these effects. Since individual channel

data and data on viewing geometry were not avail-

able, the corrections to the NDVI were approxi-
mate as a result. Appendices A and B deal with

the adjustment of the NDVI for sensor degradation

and calibration differences between sensors. Chap-
ter 5 and Appendix D discuss the adjustment of the

NDVI for cloud contamination and atmospheric ef-
fects, interpolation of missing data, and correction
for solar zenith angle effects. An evaluation of these

corrections is provided in Chapter 6.

3. Global biophysical parameter fields, the fraction of

photosynthetically active radiation absorbed by the

green parts of vegetation (FPAR) and leaf area in-
dex (LAI), were derived from the corrected NDVI

fields (Chapter 5, Appendix D. A linear relation-

ship was established between the NDVI and FPAR,
the Simple Ratio (SR, a vegetation index related to

NDVI) and FPAR, and an exponential relationship

between FPAR and LAI. The NDVI-FPAR, SR-'
FPAR, and FPAR-LAI relationships were validated

with ground data (Chapter 6). Compared to the

NDVI-FPAR relationship, better results were ob-

rained with the SR-FPAR relationship. The ground
data suggested that a third, intermediate model

could be an alternative to estimate FPAR. A fairly
high level of noise was found in ground-based esti-

mates of FPAR (Root Mean Square--RMS = 0.2

FPAR) that diminished when data were spatially

aggregated (RMS = 0.1). Albedo fields that were

derived with the Simple Biosphere model (SiB2)
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Dora LAI and landcover-dependen; soil and leaf op-
tical properties were validated with Earth Radiation

Budget Experiment (ERBE) data. The SiB2 and

ERBE albedo estimates were comparable for most

deciduous landcover types and lower but probably
more realistic for landcover types with needleleaf

vegetation. Comparison of within-class variations

of albedo and NDVI showed that inconsistencies in

the SiB2 albedo estimates are most likely related

to the specification of landcover dependent soil re-
flectance values, not to errors in the LAI estimates.

The within-class variation of albedo in the SiB2 es-

timates was generally too small and was captured
better in the ERBE estimates.

4. The sensitivity of landsurface fluxes--carbon assim-

ilation, water, and energy fluxes--to observed vari-

ations in vegetation greenness was investigated with

the Colorado State University atmospheric general

circulation model (AGCM) coupled to the Simple

Biosphere (SiB2) model (Chapter 7). Changes in

carbon assimilation as a result of increased green-
ness only occured where water or temperature were

not limiting. An increase in vegetation greenness
strongly reduced the amount of soil moisture at low

latitudes. The net energy balance was affected to

only a minor extent, however, as a result of in-

creased greenness latent heat increased and sensible

heat decreased. A positive feedback loop between

landsurface greenness, albedo, total heat flux, and

precipitation proposed by Charney et al. (1977)
appeared stronger when the physiological aspects

of vegetation--fraction of photosynthetically active

radiation absorbed by vegetation, photosynthetic
rates, and evapotranspiration--were considered. At
the same time, a negative feedback was found be-

tween increased vegetation greenness and a reduced

amount of soil moisture available for plant growth.

5. A series of six numerical experiments was performed

with the Colorado State University atmospheric

general circulation model coupled to the Simple

Biosphere model to estimate the physiological re-
sponse of terrestrial vegetation and its effect on the

global climate under a doubling of atmospheric CO2

(Chapter 8). The results indicate that, for doubled

CO2 conditions, evaporation will drop and air tem-

perature will increase over the tropical land surface,
amplifying the changes resulting from atmospheric
radiative effects. The range of responses in surface

air temperature and terrestrial carbon uptake are

projected to be inversely related in the tropics year-

round and inversely related during the growing sea-
son elsewhere.

6. The linkages between observed variations in vegeta-

tion greenness and observed variations in sea surface

temperature, landsurface air temperature and pre-
cipitation were studied and the implications for the

global carbon balance discussed (Chapter 9). The

results suggest two types of linkages: the stronger
of the two is a positive link at mid to high latitudes

between increased sea surface temperatures, land-
surface air temperatures, and photosynthetic rates

by terrestrial vegetation that occurs mainly as a re-

sult of an extension of the growing season; and the

other, weaker link is a localized positive associa-

tion between sea surface temperature, rainfall, and

photosynthetic rates. The changes in sea surface

temperature, landsurface air temperature, and in-

ferred photosynthetic rates agree with the terres-

trial carbon sink. Three cases investigated in more
detail showed that higher temperatures at mid to

high latitudes lead to an expansion of the growing

season; in two cases no significant increase in vege-
tation greenness was found during the middle of the

growing season. These results indicate that global
satellite observations of the land surface are needed

for longer periods of time to assess vegetation dy-

namics and their implications for the global carbon
balance.

The doubling of atmospheric CO2 is projected to oc-

cur sometime during the second half of the next century.

Most double CO2 scenarios in atmospheric GCMs predict
an increase of the landsurface temperature between 1.5

and 4.5 °C. The biosphere is likely to respond in several
ways.

• In mid to high (northern) latitudes increased radia-

tive forcing as a result of increased COn will lead
to increased surface temperature at the start and

end of the growing season, longer growing seasons,
and increased leaf area index and solar radiation

captured by plants (Chapter 9). This increase will

continue until other factors, most importantly the

availability of moisture to plants, become limiting to
plant growth. The increased leaf area index at these

latitudes will lead to increased evaporation and this

will in part counteract the increase in temperature
as a result of radiative forcing. The increased sto-

mural resistance resulting from elevated COn levels

and increased temperatures (Chapter 8) tend to re-

duce evapotranspiration thus counteracting the in-
crease in evapotranspiration as a result of increased

leaf area index. The net effect of increased leaf area

index (increased evapotranspiration and decrease in

temperature) and increased stomatal resistance (de-

creased evapotranspiration and increased temper-
ature) is yet to be determined. Non-local effects

found to be important in the double CO_ exper-

iments during winter may further complicate this
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picture

In lowlatitudestheincreasedradiativeforcingby
itselfwill leadto a somewhatsmallerincreasein
temperaturesthanat highlatitudes.Sincemoisture
availabilityto plantsisa limitingfactorin thesere-
gions,a reductionin leafareaindexandFPARand
anincreasein thestomatMresistanceareprojected.
Botheffectsreducetheevapotranspiration,andthis
will leadto increasedtemperatures.Becauseof the
additionaleffemof reducedleafareaindexit isex-
pectedthat temperatures at low latitudes will in-

crease by a larger amount than was estimated from

the double COu runs.

The projected changes in vegetation may sustain the

terrestrial carbon sink in mid to high latitudes if moisture

availability co plants does not become a limiting factor.

The projected warmer temperatures and reduced photo-

synthetic capacity in lower latitudes are likely to add to
the carbon source.

The current study has not investigated the effects of

changing climate on the distribution of ecosystems, the

changes in land managemen_ practices by humans, or the
effects of changes in the amount of nutrients available to

plant growth. The changes in the spatial distributions of

ecosystems occur over longer time periods than the imme-

diate effects of doubling of atmospheric CO2 on stomatal
conductance, leaf area index, and FPAR and are therefore

thought to be of secondary importance tbr the climate in

the next couple of decades. Indirect effects of climate

change such as a projected increase in fl'equency of fires
and hurricanes could have strong local effects. Land use

change over large areas can also cause climatic impacts

similar to doubling of CO2 as illustrated by studies on

the effect of deforestation of the Amazon on atmospheric
circulation.

The current study has clearly demonstrated the use-

fulness of satellite data for studying landsurface vegeta-

tion in relation to climate and has provided useflfl insight
in the mechanisms underlying the linkages between them.

Satellite data will continue to be the only feasible way to

obtain comprehensive updates of the state of global veg-
etation in a timely fashion.
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e •Sam nvattlng en Conclusies

Verbanden Tussen Globale Vegetatie en Klimaat- Een

Analyse Gebaseerd op Data van de NOAA Advanced Very

High Resolution Radiometer

Dit proefschrifl beschrijft onderzoek naar ruimtelijke

en temporele variaties in de biosfeer met behulp van
satelliet-data en de samenhang tussen deze variaties en
variaties in het klimaat. De studie is onderdeel van

een Earth Observing System (SOS) Interdisciplinary Sci-
ence (IDS) Biosphere-Atmosphere Interactions studie dat

de interaeties tussen de biosfeer en de atmosfeer onder-

zoekt en nagaat hoe deze de CO2 kringloop beinvloe-

den. Voor dit proefschrift werd een vegetatie dataset
samengesteld en werden met deze dataset in een kli-

maatsmodel gekoppeld aan een vegetatiemodel simulaties

uitgevoerd waarmee interacties tussen vegetatie en kli-
maat werden bestudeerd. Ook werden variaties in de

vegetatie dataset vergeleken met waargenomen variaties
in neerslag over land en variaties in land-, en oceaantem-

peraturen. De zes belangrijkste resultaten van dit proef-
sehrift zijn:

1. De vervaardiging van een vegetatie dataset met

maandelijkse waarnemingen en een oplossend ver-

mogen van 1 bij 1 graad voor her gehele land op-

pervlak van de aarde over meerdere jaren (1982-

1990). ttiervoor werden waarnemingen gebruikt
van de Advanced Very High Resolution Radiomcter
(AVHRR), een instrument waarmee de meteorolo-

gische satellieten van de National Oceanic and At-

mospheric Administration (NOAA) zijn toegerust
(Hoofdstuk 4, Appendix C). Met dit instrument

kan de veget_tie over het gehele landoppervlak

worden geobserveerd (Hoofdstuk 2). Observatie
van vegetatie berust op her waarnemen van door

het landoppervlak gereflecteerde straling in her

rode en nabij-infrarode deel van het eleetromag-
netiseh spectrum. Refleetie waarden in her rood

en infrarood werden geeombineerd in een genor-
maliseerde vegetatie-index (NDVI) die gerelateerd

is aan de hoeveelheid zonlicht die door vegetatie

wordt opgenomen voor fotosynthese. Het ruimtelijk
en temporeel oplossend vermogen van de NDVI-
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dataset is voldoende om variaties in vegetatie op
globaal niveau te onderzoeken.

. Her verbeteren van de temporele en spatiele samen-
hang van de vegetatie dataset. Er komen incon-

sistenties in de satelliet-waarnemingen voor die her

gevolg zijn van verloop in de gevoeligheid van her

instrument, her ontbreken van gegevens bijvoor-

beeld doordat wolken waarneming van het lan-

doppervlak onmogelijk maken, veranderingen in de

samenstelling van de atmosfeer, veranderingen in
de waarnemings-geometrie in combinatie ,net de

reflectie-eigenschappen van her land-oppervlak en
de atmosfeer, en variaties in de reflectie-waarden

van de bodem (Hoofdstuk 3, Appendix C). Ben

groot gedeelte van dit proefsehrift is gewijd aan
her ontwikkelen van eorrecties voor deze effeeten.

Sen belangrijk nadeel is dat gegevens die nodig zijn
om volledig te corrigeren voor deze effecten niet

voor handen zijn. In appendix A en B werden

benaderingen uitgewerkt om de vegetatie-index te

eorrigeren voor het verloop in de gevoeligheid van
de AVttRR en om waarnemingen van versehillende

instrumenten aan boord van NOAA 7, 9 en 11 te

ealibreren. In hoofdstuk 5 en appendix D women
teehnieken besproken om de effecten van wolken en

de atmosfeer uit de waarnemingen te filteren, te

interpoleren waar waarnemingen ontbreken (voor-
namelijk op hoge breedtegraden in her noordelijk

halfrond tijdens de wintermaanden) en te eorrigeren
voor variaties in de invalshoeken van de zon. De

eorrecties zijn ge_valueerd in hoofdstuk 6.

De schatting van biofysische parameters voor kli-

maatsstudies. Van de gecorrigeerde vegetatie-index

gegevens werden biofysisehe parameters afgeleid: de
fractie van her zonlieht opgenomen door de vege-

tatie voor fotosynthese (FPAR), en de ratio tussen

her blad-oppervlak van de vegetatie en her land-



%, 7 = : . • L.. :_: H C > _ • • • : _ : : :: _ :: :: <: _T2: : ¸5¸¸•:¸•¸•:¸:¸ : : 5 : ?•k: :.::: •: 5 > ::: :/:<: Y:•<:<•:::< <?::<5:5 > >:>+::<::%5::::+Y : :>:?:::::?::>;: >: ::<::So:Y:::>:::::::::::::::::<:::::::::::::::::::::::::::::::::

i _:i .................................. . :.-. .......... : ............._:_:>::!:.:........i#: :_=_:i::;.ii;:_i_:_:i>!i_':iii=ii_i:i:_ii>:_ii_iiiiiiiiiiiiiiiiiiii

CHAPTER 10 SUMMARY AND CONCLUSIONS

oppervlak (LAI; Hoofdstuk 5, Appendix D). Dit
gebeurde door een linear verband tussen de Sim-

ple Ratio (SR, een vegetatie index gerelateerd aan

de NDVI) en FPAR, en een logarithmisch ver-
band tussen FPAR en LAI te veronderstellen. De

modellen (NDVI-FPAR model, SR-FPAR model

and FPAR-LAI model) werden getest met waarne-

mingen van her First ISLSCP 1 Field Experiment
(FIFE), het Oregon Transect Ecosystem Research

(OTTER), en de BOReal Ecosystem-Atmosphere

Study (BOREAS; zie Hoofdstuk 6). Her SR-FPAR
model gaf in her algemeen betere, zei her wat

te lage, FPAR schattingen dan her NDVI-FPAR

model, dat significante overschattingen te zien gaf.

Een derde methode waarbij de schattingen van
her SR-FPAR model en her NDVI-FPAR model

werden gemiddeld gaf de beste resultaten. De

ruis in de FPAR schattingen in de locale metin-

gen was hoog (root mean square = 0.2 FPAR).

Wanneer de waarnemingen werden gemiddeld over

grotere oppervlakten neemt de ruis _f (rms = 0.1
FPAR). De biofysische parameters werden verder

ge_valueerd door albedo-schattingen van her Sim-

ple Biosfeer model (SiB2) te vergelijken met albedo-

schattingen van her Earth Radiation Budget Ex-

periment (ERBE; zie Hoofdstuk 6). SiB2 albedo

werd geschat met behulp van de LAI en met toegek-
ende reflectie waarden voor de vegetatie en de bo-
dem. De SiB2 en ERBE albedo waarden kwamen

redelijk overeen voor vegetatie typen bestaande uit

loofbomen (SiB2 klas 1 en 2), graslanden (7), toen-
dra (10), woestijn (11) en landbouw (12). De SiB2
albedo-schattingen voor vegetatie typen bestaande

uit naaldbomen (4,5) of gemengd Los (3), of-
sehoon aan de lage kant, kwamen beter overeen

met waarnemingen van het BOREAS experiment

dan de ERBE schattingen. De SiB2 albedo gaf

geringe oversehattingen te zien voor savannes (6)
en geringe onderschattingen voor landsehapstypen

bestaande uit struiken over een kale ondergrond
(9). De ERBE schattingen waren geloofwaardi-

get voor deze landschaps-typen. Vergeleken met de
ERBE albedo-schattingen hadden de SiB2 albedo-

schattingen een kleine, onrealistische, spreiding bin-
hen een landsehapstype. De problemen in de SiB2
albedo-schattingen zijn gerelateerd aan de refleetei

waarden die werden toegekend aan de bodem en de

vegetatie: in sommige gevallen waren een te donkere
bodem en te liehte bladeren gespecificeerd waardoor

de albedo toenam met een toename in bladopper-

vlak. The ERBE waarnemingen daarentegen lieten
een neerwaartse trend zien in de albedo als her
bladoppervlak toenam.

IISLSCP: International Satellite Land Surface Climatology
Project

.

4. De bepMing van de gevoeligheid van fluxen tussen

het land oppervlak en de atmosfeer--CO2 assi-

milatie, water, en energie fluxen--met betrekking

tot waargenomen variaties in de vegetatie-index.
De gevoeligheid werd berekend door twee scenar-

ios te draaien met de Colorado State University

Atmospheric General Circulation Model (AGCM)

gekoppeld aan her Simple Biosphere (SiB2) model
(Hoofdstuk 7). Bij toegenomen vegetatie nam

de CO2 assimilatie alleen toe voor breedtegraden

met gematigde temperaturen en voldoende neerslag.
De waterbalans veranderde vooral op lage breedte-
graden waar een sterke afname in het bodemvocht

te zien was. De totale energiebalans gaf slechts een

kleine verandering te zien, er was wel een grote ver-
andering in de verdeling tussen voelbare en latente

warmte. Door Charney et al. (1975, 1977) werd
een positieve terugkoppeling verondersteld tussen

minder plant materiaal, hogere albedo-waarden, een
germgere warmte uitstraling (totaal van voelbare en

latente warmte straling) door bet aardoppervlak,
een afname in convectie en een afname in nee>

slag. Hierdoor is minder bodemvoeht voor vege-
tatie beschikbaar en dit versterkt of handhaaft de

initie_le teruggang in de vegetatie. De terugkoppel-

ing werd ook verondersteld in omgekeerde riehting
te funetioneren: meet vegetatie zou tot meet neer-

slag leiden hetgeen de initie_le toename in vegetatie
zou versterken. Tit de SiB2-GCM studie bleek dat

de fysiologisehe aspeeten van vegetatie belangrijker
waren dan de veranderingen in de energie balans die

werden verondersteld door Charney el al. (1975,
1977). In de SiB2-GCM studie werd een terugkop-

peling gevonden tussen meet plant materiaal, meer

fotosynthese, meet verdamping, en meet neerslag.
Echter, de toename in verdamping was groter dan
de toename in neerslag. Itierdoor ham de hoeveel-

heid bodemvoeht af en de stress op de vegetatie toe,

waardoor een negatieve terugkoppeling met de ini-
tie_le toename in vegetatie ontstond.

Zes numerieke experimenten werden uitgevoerd met

de SiB2-GCM om de gevolgen van een verdubbeling

van het atmosferisch CO2-gehalte op de (huidige)

vegetatie te schatten en om de samenhang tussen
deze effecten op de vegetatie en klimaatsveranderin-

gen nate gaan (Hoofdstuk 8). Bij een verdubbelde

CO2 concentratie bleek dat de verdamping door

vegetatie afneemt waardoor de temperatuur in de

tropen toeneemt en de gevolgen van een toegenomen
"broeikas-effect" versterkt worden. Volgens de sim-

ulaties zijn in de tropen gedurende het gehele jaar

en elders alleen gedurende het groeiseizoen de ve-

randeringen in land-temperatuur tegengesteld aan

veranderingen in de opname van CO2 door vege-
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6. De samenhang tussen variaties in vege-

tatiedichtheid, oceaan-temperaturen, land-
temperaturen en neerslag over land werden

onderzocht en de implicaties voor de globale CO2-

kringloop besproken (Hoofdstuk 9). Twee soorten
koppelingen tussen vegetatie en klimaat werden

gevonden: de sterkste van de twee is een koppeling

tussen veranderingen in de oceaan-temperaturen,
de land-temperaturen, en de vegetatiedichtheid.

Deze koppeling werd gevonden op gematigde tot

hoge breedten. Op gematigde breedten zijn hogere
temperaturen bet sterkst gekoppeld aan een toe-

name van vegetatie gedurende de lente; op hogere
breedtegraden gedurende het gehele groeiseizoen.

De tweede koppeling is zwakker en bestaat tussen

veranderingen in oceaan-temperaturen, neerslag

en vegetatie. Deze koppeling werd gevonden op
lage breedtegraden. Lagere temperaturen van
her oeeaan-water zijn gerelateerd aan een afname

in convectie en neerslag, en hebben door een

afname in bodemvocht een remmend effect op de

groei van vegetatie. Het eerste mechanisme (gere-
lateerde veranderingen in oceaan-temperatuur,

land-temperatuur en vegetatiegroei) verschaft

mogelijk een verklaring voor de "missing sink >,

omdat jaren met hogere temperaturen, en dus

meet vegetatie, overeenkomen met een stijging in
CO2 opname door her land en jaren met lagere

temperaturen overeenkomen met een daling in CO_

opname. Indien deze veronderstelling juist is, laten

de gegevens zien dat de verdeling van sterkere
en minder sterke opname van CO; verandert als

functie van tijd en plaats.

De verwachting is dat de CO_ concentratie in de at-

mosfeer zal verdubbelen tijdens de tweede helft van de

volgende eeuw. De meeste klimaatsmodellen voorspellen

dat dit zal leiden tot een toename in de land temperatuur

van 1.5 tot 4.5 °C. Her is waarschijnlijk dat de biosfeer
zich als volgt zal aanpassen.

• Op gematigde tot hoge breedtegraden zal her

toegenomen broeikaseffect als gevolg van een ver-
hoogd COn gehalte leiden tot een toename in

landtemperaturen met name gedurende her begin
en einde van het groeiseizoen. Dit zal tot een

langer groeiseizoen leiden, en tot hogere waarden
voor biofysische variabelen zoals de hoeveelheid zon-

licht geabsorbeerd door planten en her bladopper-

vlak (Hoofdstuk 9). Deze toename zal doorgaan

2Hel, verschil tussen het waargenomen atmosferisch CO2 gehalte
en her atmosferisch CO2 gehalte dat op grond van uitstoot van

(fossiele) brandstoffen en opname van CO2 door oceanen verwacht
mag worden.

tot andere factoren, zoals de beschikbaarheid van

bodemvocht, de plantengroei beperken. Twee ef-

feeten gerelateerd aan de toegenomen vegetatie

kunnen de toename in landtemperatuur als gevolg
van een sterker broeikas effect beinvloeden. Het

toegenomen bladoppervlak zal leiden tot een toe-

name in de verdamping en dit zal ten dele de toe-

name in temperatuur opheffen (Hoofdstuk 7). De
toegenomen stomatale weerstand van de bladeren

zal leiden tot een afname in de verdamping en dit

zal een toename in temperatuur versterken (Chap-
ter 8). Her netto effect van deze twee mecha-

nismen moet nog bepaald worden. Niet-lokale ef-

fecten, zoals de veranderingen in globale circulatie

patronen in de winter waarvan her belang bleek uit
dubbele CO_ experimenten, kunnen dit beeld verder

compliceren.

Op lage breedtegraden zal het toegenomen broeikas-

effect leiden tot een geringere toename in temper-

atuur dan op gematigde tot hogere breedtegraden.
Omdat water een beperkende factor is in semi-

aride en aride gebieden die op deze breedten veel

voorkomen, zullen de toegenomen temperaturen lei-

den tot meer verdamping. Als gevolg daarvan zal
de hoeveelheid plantmateriaal afnemen en de stom-

atale weerstand toenemen. Beide effecten zorgen

voor een afname van de verdamping en dit re>
sterkt een toename in de temperatuur. Omdat her

bladoppervlak afneemt, een effect waar geen reken-

ing mee werd gehouden in de dubbele CO_ experi-

menten, wordt verwacht dat de temperatuur op deze
breedtegraden sterker zal toenemen dan de dubbele

CO2 experimenten aangaven.

Op grond van het huidige onderzoek kan worden

verwacht dat de vegetatie op gematigde tot hoge breedte-

graden als netto effect koolstof zal blijven opnemen mits

voldoende bodemvocht beschikbaar is. Op lage breedte-

graden zal, als gevolg van afgenomen fotosynthese, een

tendens bestaan tot een sterkere afgifte van koolstof in de
atmosfeer.

In de huidige studie is her effect van klimaatsveran-

deringen op de verspreiding van eco-systemen niet on-

derzocbt, noch zijn de effecten van veranderd landge-

bruik of veranderingen in de hoeveelheid voedingsstoffen

voor planten in beschouwing genomen. Het is waarschijn-
lijk dat veranderingen in de stomatale weerstand en het

bladoppervlak over kortere termijn een rol zullen spelen

en dat veranderingen in ecosystemen over een langer pe-
riode zullen plaatsvinden en voor de korte termijn van

minder belang zullen zijn. Indirecte effecten als gevolg
van klimaatsveranderingen zoals een veronderstelde toe-

name in her voorkomen van bosbranden, langere perioden

van droogte en frequenter voorkomen van orkanen, zijn
eveneens niet onderzocht. Klimaatstudies naar her effect
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CHAPTER 10 SUMMARY AND CONCLUSIONS

van ontbossing van de Amazone hebben laten zien dat

deze verandering in landgebruik ten aan een verdubbel-

ing van bet atmosferische CO2 gehalt vergelijkbaar effect
kan hebben.

De huidige studie heeft duidelijk de bruikbaarheid van
satellietdata voor her onderzoek van verbanden tussen

vegetatie en klimaat gedemonstreerd. De observatie van

het landoppervlak met satellieten is de enige praktische

manier is om tijdig informatie omtrent de vegetatie over
de gehele wereld te vergaren.

Opdracht

Ik dra_g dit proefschrift op aan mijn vrouw, kinderen en
ouders.
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Appendix A

Calibration Adjustment of the NDVI

Without Recourse to Component
Channels 1 and 2 Data

Slightly revised from publication by S.O. Los, 1993, Cali-
bration Adjustment of the NOAA-AVHRR Normalized Difference

Vegetation Index without Recourse to Component Channels 1
and 2 Data, Int. J. Remote Sens., 14, 1907-1917.

Abstract

The effect of sensor degradation in the Advanced Very High
Resolution Radiometer (AVHRR) channels 1 and 2 on the Nor-

malized Difference Vegetation Index (NDVI) was established.
Three models were developed to adjust the NDVI for sensor

degradation without recourse to component channels 1 and

2 data. The models were verified with data obtained by the
AVHRR on board NOAA-7, -9, and -11. Two models provide
accurate results in some cases, but perform less well in oth-
ers. A third model is applicable to all cases investigated, and
it estimates the effect of sensor degradation with a maximmn

root mean square error of 0.002 NDVI. The remaining error
depends on surface characteristics and the magnitude of the
sensor degradation, and cannot be accounted for without the
component channels 1 and 2 data.

A.1 Introduction

The Normalized Difference Vegetation Index (NDVI) is
based on channel 1 (red) and channel 2 (infrared) data
sensed by the Advanced Very High Resolution Radiome-

ter (AVHRR) on board the NOAA-7, -9, and -11 satellites

and has been related to photosynthetic active radiation

absorbed by vegetation (Kumar and Monteith 1982, Sell-

ers 1985, Tucker and Sellers 1986). Because of this char-

acteristic it is widely used to assess the state of vegeta-

tion, both quantitatively and qualitatively (Tucker 1979,
Tucker et al. 1985b, Justice 1986, Prince and Justice
1991).

The AVHRR is not equipped with onboard calibration

which results in a gradual change of the NDVI over time

and hampers comparison of data between years. Espe-

cially large discontinuities may occur between successive
AVHRR instruments.

Several studies have focused on sensor degradation in

individual channels (Kaufman and Holben 1993, Holben

st al. 1990, Staylor 1990. Teillet and Holben 1994, Brest

and Rossow 1991, Smith et al. 1988). After establishing
the degradation in channels 1 and 2, data can be corrected

and the NDVI recalculated. However, in view of the large
data quantities that need to be handled to process individ-

ual channel data into monthly NDVI composites (Holben
1986), this may not always be a feasible option. In cases

where NDVI imagery is used for early warning of disas-

ters by comparison of imagery between years (Hielkema
1990, Hutchinson 1991), no individual channel data are

available, and a correction is needed that employs NDVI
data only.

A first-order correction to adjust low NDVI values (0

< NDVI < 0.3) was suggested by Holben st al. (1990)
and was applied in a study on desert margins by Tucker

et al. (1991a, 1994). The NDVI is adjusted by adding a

constant value, which is calculated as the average devia-
tion in NDVI of different pairs of channels 1 and 2 data, or

as the difference in NDVI between different periods from
assumed invariant targets such as deserts.

In this paper the effect of sensor degradation over a

wider range ofNDVI ( 0 < NDVI < 0.6) is studied and the
possibility adjusting the NDVI without use of the com-

ponent channels 1 and 2 data is investigated. In addition

to the method proposed by Holben st al. (1990), two
alternative models were developed, and their ability to
describe the effect of sensor degradation on the NDVI in-
vestigated.

In addition to sensor degradation, other effects, e.g_,

atmospheric effects, sub-pixel cloud contamination, and
viewing geometry, affect the surface signal, in various

cases to a larger extent than sensor degradation (Tanrd et
al. 1992, Soufltet st al. 1991, Holben et al. 1986, Kimes
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1983). This article is mainly concerned with the adjust-

ment for sensor degradation of the signal received by the

AVHRR, regardless of the degree of contamination of the
signal.

A.2 Data

Three datasets were obtained from different years and

sensors, representative for different types of surface cover.
Each dataset consists of the maximum NDVI of a 10- to

18-day period, with the corresponding channels 1 and 2
values. No cloud screening was applied.

The first dataset (NOAA-7, 21-30 August 1982, n =

5185) covers a transect of approximately 10 pixels wide

through southern Africa, ranging from the equatorial zone

to the coast (0 ° N, 300 E - 100 S, 300 E - 150 S, 320

E 300 S, 320 E). NDVI values vary between -0.1 and

0.5. The data were heavily affected by clouds, part of

which still showed after the compositing. Also included
in this set were pixels containing surface water and cloud
shadows.

The second dataset (NOAA-9, 21-30 August 1985,
n = 3816) covers a transect of approximately 15 pixels

wide through west Africa ranging from the desert into

the equatorial zone (20 ° N, 200 E - 50 N, 200 E). Most of

the cloud contamination was removed by the compositing.
NDVI values ranged from 0.0 to 0.6.

The third dataset (NOAA-11, 13-30 March 1989, n =

3200) covers a transect of 10 pixels wide, ahnost similar to

the second dataset (200 N, 20 ° E 0°, 200 E). Most cloud
cover was removed by compositing. The NDVI varied
between 0.0 and 0.6.

A.3 Theory

AVHRR data are provided by NOAA on level 1B tapes in

digital format. Digital data are converted into radiance,

normalized radiance, or reflectance value using preflight
calibration constants that are on tape. Generally a nor-
realization with respect to the irradiance in the red and

infrared parts of the solar spectrum is preferred (Price
1987, Goward et al. 1991). The conversion of digital

counts into reflectances is given by Kidwell (1995).

;i,p = 7i, (c{ - Coi p)cose = S cose. (A.1)J %p

Where fli,p is the preflight calibrated reflectance, 7i,p is
the preflight calibration coefficient, Ci is the integer count

read from the tape, Co,i,p is the preflight calibration offset,
0 is the solar zenith angle Li, p is the normalized radiance.

Subscript i refers to either channel 1 or channel 2, and
subscript p indicates that preflight calibration coefficients

are used. Note that 7i,p is the slope and "[i,pCo,i,p is the
offset.

The preflight calibration coefficients are assumed con-

stant over time. However, both in channel 1 and chan-

nel 2 the sensitivity has degraded during the lifetime of

NOAA-7, -9, and -11 (Smith et al. 1988, Holben et al.
1990, Staylor 1990, Teillet et al. 1990, Brest and Rossow

1991, Kaufman and Holben 1993). Equation A.1 there-
fore should be expressed as

pi, = w,c(c . - c0/p cosO= L '\cosO (a.2)

with the adjusted calibration coefficient, 7i,c, and ad-

justed offset or deep space count, Co,i,_, variant over time
(Appendix A.7). Equations A.1 and A.2 assume a linear

relationship between digital counts and reflectance. This

assumption is implicit in the derivation of calibration co-
efficients.

Table A.l: Calibration coefficients from Holben et al. (1990)
and Kaufman and Holben (1993) to correct A VHRR channels
1 and 2 reftectances for sensor degradation, rl, r2 are ra-
tios between preflight and true calibration coefficient for chan-

nels 1 and 2. AG0,I, /kCo,2 are differences between preflight,
and true deep space offset. ANDVI is the average error in

preflight calibrated ND VI. Table is updated with values fl'ora
Holben.(personal communication), A NDVI values were fecal-

culated from reflectances, using the same conditions as Kauf-
man and Holben.

Period rl

8- 1981 O.909

8 - 1982 0.865

8- 1983 0.839

8- 1984 0.813

2 - 1985 0.947

8- 1985 0.920

2- 1986 0.894

8- 1986 0.870

8- 1987 0.818

2- 1988 0.784

8- 1988 0.781

2- 1989 0.785

8 - 1989 O.790

2 - 1990 0.775

8- 1990 0.798

2- 1991 0.834

8- 1991 0.833

r2 AC0,1 AC0,1 ANDVI

0.872 -3.8 -5.4 0.019

0.801 -3.8 -5.1 0.036

0.771 -3.6 -4.8 0.043

0.753 -3.2 -4.6 0.038

0.884 0.032

0.858 -1.8 -3.8 0.030

0.840 O.028

0.819 -1.7 -3.2 0.023

0.802 -1.6 -3.0 0.011

0.790 0.004

0.781 -1.6 -2.9 -0.005

0.692 1.2 1.0 0.059

0.78 1.2 1.0 0.067

0.668 1.2 1.0 0.072

0.683 1.2 1.0 0.075

0.742 -0.2 0 0.058

0.746 -0.2 0 0.054

The corrected normalized radiances can be calculated

from preflight calibrated values by combining equations
A.1 and A.2:

L.N= 1 N 1
_(Li,p + W,pZXCo,i) = _(L_,p + Z_) (A.3)

where ri is the ratio between the preflight and true cal-

ibration coefficient, 7i,p/7i,_, and Ai is the difference

92



"/

: A.3. THEORY

g

g

.A

O

NOAA7 • / N°A °a°d l"

0 1 2 3 4 0 1 2 3 4

SR.t SR.t
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between the preflight and true deep space offset mul-

tiplied by the preflight calibration Ai = 7i,pACo,i =

7i,p (Co,i,p - C0,i,_). For this study values for ri and ACo,i
published by Holben et al. (1990), and Kaufman and
Holben (1991), were used because these coefficients are

available for the entire active period of NOAA-7, -9, and
-11 (Tables A.1 and A.2).

A.3.1 Effect of Sensor Degradation on
NDVI

The NDVI is given by

NDVI -
P2 + Pl - L_ + L_' (A.4)

where P2 is the infi'ared reflectance, p, the red reflectance,

L_ the infrared normalized radiance, and L N the red
normalized radiance.

Three methods are discussed that relate the NDVI

corrected for sensor degradation, NDVI_, to the preflight
calibrated NDVIp without recourse to component chan-
nels 1 and 2 data. The first method assumes the differ-

ence in NDVI v and NDVI_ approximately constant over

the entire range of NDVI. The relation between NDVIp
and NDVIc is then given by

'_ ANDVI
NDW NDW + (A.5)

n
i=1

with ANDVI = NDVI_ - NDVIp and n is the number

of observations. The ANDVI in equation A.5 can be cal-
culated from the average difference in NDVI between a

number of selected, calibrated and preflight calibrated,
channels 1 and 2 combinations representing different sur-

faces (Holben et al. 1990, Kaufman and Holben 1993),
or as the change in NDVI over time measured from in-

variant targets such as deserts (Tucker et al. 1991, 1994).

The model represented by equation A.5 is referred to as
model 1.

Alternative approaches to approximate the calibrated

NDVI¢ fi'om NDVIp can be found by reworking equation
A.4:

LN = LN 1 + NDVIp
2,p 1,p 1-- NDVIp - LLpSRp (A.6)

where SR is the simple ratio, SR = L_/L_. Combining
equations A.3 and A.4 yields

NDVI_ =

(z_,_ + _x_)/,._ - (_,_ + &)/_
(L2,p + Au)/r2 + (Ls,p + A_)/r_' (A.7)

and substituting U v in equation A.7 with equation A.62,p
yields

NDVI_ =

,.l(Sap + _X_/L_) - _(SR_ + &/L,,_)

r_ (SRp + A2/L_p) + r2(SRp + A1/Ls,p).(A.8)

Equation A.8 must be written in a form that is in-

dependent of L N This is done in two ways. The first1,p •

way approximates equation A.8 by neglecting the differ-

ence between the preflight calibration offset and the deep
space count: A1 _ A2 _ 0. Equation A.8 then becomes

NDVI_ _ rlSRp - r2
rlSRv + ru" (A.9)

This equation is referred to as model 2.

The second way to approximate equation A.8 is by ex-

pressing Lx,pN in terms of NDVI as suggested by figure
A.1. This avoids neglecting the difference between the

preflight calibration offset and the deep space count. Fig-
ure A.1 shows channel 1 normalized radiances L N

1,p as a
function of the simple ratio, SR_, for two cases. The 1982
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a constant), A.9 (ANDVI approximated by neglecting differences in the offset) and the combination of A.8 and A.IO (ANDV[
approximated by use of a relation between SR and 1/L_ ).

(NOAA-7) data show a weak linear relation (R=0.17)

caused by values deviating from the linear trend at low

NDVI. The 1985 (NOAA-9) and 1989 (NOAA-11) data

show an identical trend and are combined to obtain a

relation between 1/L_p and SR using linear regression,

1

LN _ a + b × SR¢, (A.10)

with a = -4.34 and b = 7.48, and the correlation coeffi-

cient/{ = 0.93. Using the same constants a and b for the

relationship between Li,p N and SRp introduces an error

smaller than the error in the approximation itself. The

combination of equations A.10 and A.8 is referred to as
model 3.

A.4 Verification

NDVI values adjusted for sensor degradation by the

models derived in the previous section were compared

with NDVI values calculated from individually calibrated

channels. Data from 1982, 1985 ,and 1989 were used, as

well as a generated dataset for the entire active period of

operation of NOAA-7, -9, and 11.

In figure A.2, differences between adjusted and pre-

flight calibrated NDVI values, ANDVI = NDVI_-

NDVIp, are plotted against preflight calibrated NDVIp
for the NOAA-7, -9, and -11 datasets. ANDVI values ob-

tained from individually corrected channels appear as a

scatter of points along a trend. ANDVI values obtained

by models 1, 2, and 3 are shown as lines. For all cases,

model 3 follows the trend in the scatter closest. In specific

cases model 1 (in the case of 1985, NOAA-9) or model 2

(in the case of 1989, NOAA-11) describe this trend al-

most equally well, in other cases large deviations occur

especially at high NDVI values•

To establish the accuracy of the methods over the en-

tire period of operation of NOAA-7, -9, and - 11, a dataset

was generated with calibrated channels 1 and 2 values.

This was done by using three end members represent-

ing different surface conditions with typical reflectance in

LN L N = 0.23),channels 1 and 2; vegetation ( _,l = 0.04, v,2

dark soil (LaN1 = 0.04, L x = 0.05), and bright soild,2

(L_I = 0.4, L N = 0.42). For 60 data pairs the end, b,2

members were mixed with fractions determined by ran-

dom numbers (ran) between 0 and 1:

L N _= ran_Lv,i 4- ran22Ld,i A- ran]Lb,i

ranl 2 4- ran_ 4- ran3 2 (A.11)

For the 60 data pairs the effect of sensor degradation

on preflight calibration was simulated using the inverse

of equation A.3. Starting at January 1981 and ending

November 1991, sensor degradation was simulated every

other month. The NDVI affected by sensor degradation

was calculated and the three models were applied to ad-

just the degraded NDVI values. The adjusted NDVI val-

ues were compared to the non-degraded NDVI data. The

results are summarized in figure A.3.

Figure A.3.a shows the effect of each of the models on

the average of the 5 lowest NDVI values in the dataset,

figure A.3.b shows the effect on the average of all data,

and figure A.3.c shows the effect on the average of the 5

highest NDVI values. The goodness of fit of the models is

shown in figure A.3.d by means of the Root Mean Square

(RMS):
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average NDVI of 5 lowest values in the dataset as a function of time (line is correct NDVI). (b) Average over entire generated

dataset (line is correct NDVI). (c) Average NDVI of 5 highest values in the dataset (line is correct NDVI). (d) RMS values to

indicate goodness of fit over time. Maximum RMS of model 3 is 0.002 (NOAA-7), minimum RMS = O.O003 for NOAA-11. A

small annual signal is apparent in the data as a result of neglecting the Earth-Sun distance R (equation A.13)

A.5 Discussion

I_ (NDVIp - NDVI_) _RMS = _[TT) . (1.12)
j=l

The results support the conclusions drawn from the ver-

ification of the 1982, 1985, and 1989 datasets. Model

3 is generally applicable, and only in specific cases can

the same accuracy be obtained by the other two mod-

els. The largest deviations tend to occur at high NDVI

values. The accuracy of the adjustment of the preflight
calibrated NDVI is dependent on the magnitude of the

difference in deep space count ACo,i. For example, the

NDVI from NOAA-7, where the magnitude of ACo,i is
largest, cannot be estimated as accurately as the NDVI
fi'om NOAA-9 or -11.

The accuracy of the approximation to adjust the NDVI

for sensor degradation without use of component chan-

nels 1 and 2 data depends not only on the accuracy of

the method used for correction, but also on the accuracy

with which sensor degradation can be determined. Hol-

ben et al. (1990) estimate that sensor degradation in the

AVHRR can be estimated with an absolute accuracy of

5-10 percent and a relative accuracy of 0.3 1.0 percent.
The order of magnitude of the relative error introduced

by model 3 is much smaller, about 0.0003 NDVI to 0.002

NDVI (0.01-0.7 per cent on an average NDVI of 0.3).

Figure A.2.a shows that model 3 applies less well in
situations where channels 1 and 2 values are both low

and channel 1 > channel 2 (NDVI < 0, SR < 1). These
values are generally associated with dark surfaces such as

open water bodies or areas with cloud shadows, and are

of minor importance to the study of vegetation.
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Goward et al. (1991) discuss the influence of random

errors on the NDVI under different illumination condi-

tions. When these errors are larger than the deviation

due co sensor degradation, calibration of the NDVI be-

comes less meaningful. The magnitude of the random

error for AVHRR-Local Area Coverage (LAC) data due
so the error contributions of one channel varies between

0.0009 NDVI for high NDVI and high illumination con-
ditions, and 0.01 for low NDVI and low illumination con-

ditions. For AVHRR Global Area COverage (GAC) data
this error is reduced because reflectance values are calcu-

lated as the average of 4 LAC pixels. The random error in

GAC NDVI will vary between 0.00007 and 0.007. In most

cases this value is smaller than the improvement of model
3 over model 1 or 2. Preference of model 3 over model 1

or 2 is therefore justified even in cases of low illumination
conditions.

Table A.2: Preflight Calibration gain c_ (W pm -1 sr -1 m-2)
and solar flux Fo (W#m -1 rn-2) at Sun-Earth distance of 1
Astronomical Unit (A (7) for channels 1 and 2 of the NOAA-
AVHRR. Preflight calibration for NOAA-11 was changed on
27 September 1990.

AVHRR (1,1 o_2 d_0,1 d_0,2
NOAA-7 0.56 0.35 1649 1040

NOAA-9 0.55 0.36 1629 1043

NOAA-11 (old) 0.47 0.28 1630 1053

NOAA-11 (new) 0.49 0.30 1630 1053

for critical reading of the manuscript and their comments
for improvenlent.

A.7 Appendix

The calibration coefficient 7i,p is a function of the gain
o:i,p (W ttm -1 sr -1 m-2), which is sensor dependent, and

the incoming solar flux F0,i (Wpm -1 m -2) at the top of
the atmosphere (Table A.2).

__ _i,p7C[_2

>7 (A.13)

The solar flux changes as a function of the Sun-Earth dis-

tance R (in Astronomical Units), as a result of the elliptic
path of the Earth around the Sun. The Sun-Earth dis-

tance is neglected which causes a small variation, less than
3%, in Ai = 7AC0,i. Otherwise the Sun-Earth distance
cancels in the calculation of NDVI.

The ratio ri between the preflight calibration coeffi-

cient and true calibration coefficient for a given period
and sensor can be estimated using the equations from

Kaufman and Holben (1991) and Holben el al. (1990)
which can be found in Table A.3. Equations for the cal-

culation of ACo,i are also given in Table A.3. The coeffi-

cients for these equations were determined with ordinary
least squares from the values in Table A.1.

A.6 Conclusion

It is possible to accurately adjust the NDVI for sensor

degradation without recourse to component channels 1

and 2 data. The most accurate method is applicable over
the entire range of NDVI generally associated with land

surfaces (0 < NDVI < 0.6). The method was verified with

data fl'om the AVIlRR on board NOAA-7, -9, and -11.

Although the approximation does not result in the same

accuracy as a correction applied to data from individual

channels, the method provides a quick and easy means

to correct the NDVI, and allows for a direct comparison

of data from different sensors and periods of time. The

method does not provide the same improvement over dark

surfaces, such as shaded areas and open water. However,
this limitation is of little concern for the study of vegeta-
tion dynamics.
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Table A.3: Equations for the calculation of r i , r2, A Co,1, and ACo,2 (After Kaufman and Holben 1991, including updated values
from Holben). Equations were established with least squares. Note that NOAA changed the preflight calibration coefficients on
September 27, 1990for channels 1 and 2 on NOAA-11.

NOAA-7

NOAA-9

NOAA-11 old

(until 27 September 1990)

NOAA-11 new

(starting 27 September 1990)

_i

7"2

ACo,1

ACo,2

r2

ACo,i

ACo,2
Pl

_2

ACo,1

ACo,2

F2

ACo,i

ACo,2

0.9443 - 0.05165(Y - 1981) + 0.00450(Y - 1981) 2

0.9368 - 0.09832(Y - 1981) + 0.01325(Y - 1981) 2

-3.7003 - 0.22295(Y - 1981) + 0.09980(Y - 1981) 2

-5.5469 + 0.26995(Y - 1981) 2

0.9599 - 0.05854(Y - 1985) + 0.00233t(Y- 1985) 2

0.8911 - 0.04870(Y - 1985) + 0.005290(Y - 1985) 2

-1.9044 + 0.17611(Y - 1985) - 0.02504(Y - 1985) 2

-4.2445 + 0.82006(Y - 1985) - 0.12508(I/- 1985) _

0.7837 + 0.00210(Y - 1989) + 0.00094(Y - 1989) 2

0.6964 - 0.02887(Y - ].989) + 0.00951(Y - 1989) 2
1.2

-0.2

rl,NOAA-11 old * 0.95/0.906

r2,NOAA-11 old * 0.90/0.827
-0.2

0.0

97





(/ ,

Appendix B

Estimation of S

Monthly NDVI

ensor Degradation

Composites

From

Slightly revised from publication by S.O. Los, 1998, Estima-
tion of the ratio of sensor degradation between NOAA-AVHRR

channels 1 and 2 from monthly NDVI composites, IEEE Trans.
Geosci. Remote Sens., 36, 206-213.

Abstract

Applications based on Normalized Difference Vegetation Index
(NDVI) data calculated from Advanced Very High Resolution
Radiometer (AVHRR) channels 1 and 2 require continuous
updates of calibration coefficients that correct for the sensor

degradation in these channels. A method was developed to es-
timate calibration coefficients from desert targets in monthly
NDVI composites without recourse to the component channels
1 and 2 data. The method was tested on NDVI data from the
AVHRR on board the NOAA-7, -9, and -11 satellites tot the
period 1982 until 1993. The results of the current study corre-
lated highly (r = 0.95) with those from studies that estimated
sensor degradation for the individual AVHRR bands.

Keywords: AVHRR, sensor degradation, NDVI
composites, desert calibration

B.1 Introduction

Normalized Difference Vegetation Index (NDVI) com-
posites, calculated from channel 1 (red) and channel 2

(nearqnfrared) data collected by the Advanced Very High

Resolution Radiometer (AVHRR) on board the National

Oceanic and Atmospheric Administration (NOAA)-7, -

9, and -11 satellites, are widely used to study vegetation

at regional and global scales (e.g. Tucker et al. 1985b,

1986, 1991a, 1994, Justice 1986, Prince and Justice 1991).

Currently, a multi-year NDVI dataset exists that was pro-

cessed and archived by the Global Inventory Monitoring
and Modeling System (GIMMS) group at the National

Aeronautics and Space Administration (NASA) Goddard
Space Flight Center (Tucker et al. 1994, Holben 1986,

Los et al. 1994). This dataset is updated on an opera-

tional basis for the Africa Famine Early Warning System

(FEWS; see Hutchinson 1991). FEWS, which is part of

the US Agency for International Development, informs

government agencies of potential occurrences of drought
and associated crop failures. FEWS compares current

NDVI data with NDVI data from the historical GIMMS

archive to assess conditions of vegetation on the ground.

To do meaningful interannual comparisons, the histor-
ical archive and the present data must be consistent. Dif-

ferential radiometric sensor degradation in AVHRR chan-

nels 1 and 2 affects NDVI values as a function of time and

sensor satellite system. GIMMS uses the NOAA preflight
calibration coefficients to relate AVHRR channels 1 and

2 reflectanees to a preflight calibration standard on the

ground (Los et al. 1994, Kidwell 1995). The NOAA pre-
flight calibration does not take sensor degradation into

account. Therefore, if no corrections for sensor degrada-
tion in the AVHRR are made, the validity of conclusions
obtained from interannual comparisons with the GIMMS

NDVI data, such as on the occurrence of wet and dry
years, may be seriously compromised.

Several studies have estimated calibration coefficients

that correct for sensor degradation in AVHRR channels

1 and 2, and relate observations of AVHRRs carried on

successive NOAA platforms to a common standard. Cal-

ibration coefficients can be estimated frorn desert targets
(Holben et al. 1990, Kaufman and Holben 1993, Staylor

1990), ocean glint (Vermote and Kaufman 1995), aircraft

observations (Abel et al. 1993, Smith et al. 1988), and

statistical analysis of global datasets (Brest and Rossow
1992). Occasionally calibration coefficients obtained with

these methods are not available. For example, no call
bration coefficients were available for the AVHRR when

NOAA switched the data collection protocol from NOAA-

11 to NOAA-9 in 1994, and from NOAA-9 to NOAA-14

in 1995. For users who depend on accurate current NDVI

data, this is clearly an undesirable situation. A fnrther
complication is that often these users do not have access

to AVHRR channels 1 and 2 data, yet they do have a
clear need for a consistent NDVI dataset from which the
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effects of sensor degradation are removed.

Los (1993) developed an approximate method to cor-

rect the preflight calibrated NDVI for radiometric sensor

degradation wit hour recourse so the component channels

1 and 2 data. The method was validated with calibra-

tion coefficients calculated by Kaufman and Holben (Los

1993, Holben et el. 1990, Kaufman and Holben 1993).

The calibrated NDVI values adjusted with the approxi-
mate method were in close agreement wit h the calibrated

NDVI values calculated from individually adjusted chan-

nels 1 and 2 data the root mean square error varied
between 0.002 NDVI units for NOAA-7. and 0.0001 NDVI

units for NOAA-11 AVHRR data. The results were valid

for a range of NDVI values between 0.0 and 0.6.

This paper builds on the method of Los (1993) to ob-

tain estimates for radiometric sensor degradation between

AVHRB channels l and 2 from monthly NDVI compos-

ites. This would allow a user. who has access to only
NDVI data. to estimate the effect of sensor degradation

from the NDVI and to make adjusunen_s accordingly.

The procedure to obtain a correction for sensor degra-
dation fl'om monthly NDVI composites consists of several

steps. First. an expression is derived for the ratio of ra-

diometric sensor degradation in AVHRB channels 1 and

2 as a funmion of the preflight calibrated "'uncorrected"

NDVI. and a reference 'corrected" NDVI. Areas are then

identified thax are assumed to be _ime-invariam with re-

spect to the NDVI. The temporal variation in I he NDVI of

these areas can be attributed to sensor degradation, and
ratios of sensor degradation between AVHRB channels 1

and 2 can therefore be estimated. This procedure may

lead to inaccurate estimates of radiometric sensor degra-

dation if other effects e.g.. as a result of atmospheric
effects and solar zenith angle variations are confounded

with sensor degradation effects. The results of the present

analysis are therefore tested for these effects, and compar-
isons are made with the results of other studies that are

based on more m-depth analyses rVermote and Kaufman

1995 Kaufman and Holben 1993. Holben et el. 1990. Rao

and Chen 1994}. Tests for consistency are made to see if

a simplified version of the method can be used for near

real-time applications. As a final check, the calibration

coefficients are applied to an existing dataset and the re-

sults are compared with a NDVI dataset calculated from

AVHRR channels 1 and 2 data corrected with calibration

coefficients from Rao and Chen (1994).

B.2 Data

brief outline is given here.

Preflight calibration was applied to daily NOAA-

AVHRR level 1B channels 1 and 2 data. The preflight
calibration converts integer counts to radiance values that

are normalized for the solar flux in the respective bands
(Kidwell 1995)

L_v,,,, : 7_,_(c,_- c0,<j, (u.1)

with

LV
_,p = radiance in channel i normalized fox" incoming

solar radiation in band i (-),

7i,p = cti,pTCR2/Fo,i, the preflight calibration coefficient
for channel i,

ozi,p = preflight calibration gain (Wpm-lsr-lm-2),
R = the Sun-Earth distance (_ 1 astronomical

unit),

F0,i = top-of-the-atmosphere solar flux for channel i

(Wpm-lm-2),

Ci = integer count in AVHRR channel i,
_O,i,p " _- preflight calibration offset in channel i

(integer count),

i refers to either AVHRR band 1 or 2,

p indicates preflight calibrated values,
N indicates normalization for the solar flux.

NDVI values were calculated from preflight calibrated
AVHRR channels 1 and 2 normalized radiance values ac-
cording to

L N _ L N
NDVIp - <P 1,pLN L_ . (B.2)

2,p -_ 1 ,p

Note that calculation of the NDVI from normalized radi-

ance values is equivalent to calculation from reflectance
values (fli,p :- L g_,p cos 0 for Lambertian surfaces) because
the cosine of the solar zenith angle cancels in equation
B.2.

Data from clouds are assumed to have channel 5

brightness temperature values below a threshold of 288

K, and are eliminated. Data are also discarded when the

scan angle exceeds approximately 42 ° off-nadir to avoid

extreme viewing angle conditions. The remaining daily
NDVI data are merged into monthly composites by se-

lecting the maximum NDVI value for each pixel over the

monthly period. This step further minimizes the effects of

clouds, atmosphere, and viewing geometry (Holben 1986).

For this study, the GIMMS continental NDVI dataset

from 1982 1993 for Africa was used. This dataset has

a spatial resolution of about 7.6 km and a temporal reso-
lution of a month. Processing of the GIMMS NDVI data

is discussed in Holben (1986) and Los et al. (1994). A

B.3 Theory

The relationship between the NDVI adjusted for sen-

sor degradation, NDVI_, and the preflight calibrated

NDVI--NDVIp expressed as the simple ratio SRp =

(1 + NDVIv)/(1 - NDVIv)__is given by Los (1993):
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Figure B.I: Apparent ratios of sensor degradation for the
NOAA-7, -9, and -11 AVHRR channels 1 and 2 calculated

from 100 invariant pixels in the Sahara. Shown are the average
(middle line), the average 4- 1 times the standard deviation
(upper line), and the average - I times the standard deviation
(lower line).

B.4. ANALYSIS

1

LN- _ a+b,SRv, (B.4)
1,p

with a = -4.34 and b = 7.48 (dimensionless) estimated
by linear regression. The relationship that is obtained

by substituting equation B.4 in equation B.3 has a root

mean square error between 0.002 and 0.0001 for NDVI

data collected by the NOAA-7 and NOAA-11 AVHRR,
respectively (Los 1993). Comparison of the root mean

square values with the difference between the deep space

count and the preflight calibration offset AC0,i from Ta-
ble B.1 confirms that the approximation becomes more

accurate with smaller ACo,i. The maximum root mean
square error of 0.002 NDVI translates to an error on an

order of magnitude smaller than the 2% error in the esti-

mation of the rate of sensor degradation that was quoted

by Vermote and Kaufinan (1995).

Solving equation B.3 for the ratio of sensor degrada-

tion between AVHRR channels 1 and 2, rl/2, and substi-
tuting equation B.4 leads to

NI)VI_ =

ru2(S v -FA2/L p) - (1-F

with

NDVI_ = the desert calibrated NDVI,

rl/2 = the ratio of sensor degradation between

channels 1 and 2,

SRp = the preflight calibrated simple ratio,

= L = (1+ sDvI,)/(1 - NDVlp),
Ai = 7i,pAC0,i = 7i,p(Co,Lp - C0,i,g),

C0,i,g = the deep space count for channel i.

Values for the difference between the preflight calibra-

tion offset and the deep space count A(70,_ = Co,¢,v-Co,e,_
can be Ibund in Table B.1. Equation B.3 is an exact

relationship between the preflight and desert-calibrated

NDVI, i.e., application of this equation leads to exactly
the same NDVI values as NDVI values calculated from

individually calibrated bands, provided that the same in-

put parameters are used. If both A_ and A2 are zero

in equation B.3, the terms with Ai/L_,_ cancel fi'om the
equation. In cases that either A, or Au, or both, are small

but non-zero, equation B.a can be approximated by sub-
stituting the following empirical relationship between the

preflight calibrated channel 1 and the simple ratio (Los
1993):

1 q- /k 1 p(a -k b * SRp)

Thus, with A_,v , NDVIp (here expressed in terms of

SRp) and a reference SR_ known, the ratio of sensor degra-
dation between channels 1 and 2 can be estimated. Given

changes in the NDVI time-series from an invariant target,
one can obtain absolute calibration coefficients if one or
more values of the time-series can be related to a stan-

dard. If no calibration standard is available, relative cal-

ibration coefficients can be estimated by arbitrarily se-
lecting one NDVI value from the series as the reference
SR_.

B.4 Analysis

Upon obtaining an expression for the ratio of sensor

degradation as a function of observed NDVI and a ref-

erence NDVI (equation B.5), invariant targets must then
be identified. The term "invariant targets" is used in this

paper to indicate pixels with NDVI values that change

as a function of sensor degradation only. Hence, factors
such as changes in vegetation (both within and between

years), viewing and illumination angle, atmosphere and

clouds can be neglected. To identify invariant targets,

it is assumed (1) that the NDVI of each pixel is subject
to sensor degradation and (2) that any effect in addition
to sensor degradation increases the total variation in a

NDVI time-series. The second assumption implies that

the effects of vegetation seasonality, atmosphere, illumi-
nation, and clouds will not compensate the effects of sen-

sor degradation. For the moment, assumptions 1 and 2
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Figure B.2: Cross validation of ratios of sensor degradation
between NOAA-7. -9, and 11 AVIiRR channels 1 and 2 esti-

rnate_ frorn a 13 year dataset. To obtain estimates, invariant

targets were identified and an annual cycle was removed (see
text). Lines Ratios of sensor degradation estimated front in-
variant targets and annual cycle calculated from the same 13-
year period. Dots Ratios of sensor degradation calculated for
one year at a time with the invariant targets and the annual
cycle estimated frorn the other 12 years of the 13 year data
record. The close agreement, correlation r - 0.99 and residual

standard error = 0.006), shows that the annual cycle is con-
sistent and that the invariant targets are invariant fl'orn one
year to the next.

will be used as working assumptions. To verify that these
assumptions will no_ lead to gross errors, the results of the

analysis will be _es_ed for the effects of changes in solar
zenith angle and will be compared with results obtained
from other analyses

An estimate for the temporal variation in NDVI time-

series, expressed as V, is given by

V = _N_I(NDVIt - NDVIt+I)2
2 , (B.6)

with V calculated for each pixel, n to the number of

months in the dataset, and t to the month. Thus pix-
els with low month-to-month variations in NDVI have

low values for V, and pixels with high month-to-month

variations have high values for V. Because large discon-
tinuities may exist in NDVI values when data collection

is changed from one satellite-sensor system to the next,

values for (V) are calculated for the NOAA-7, -9, and -11
AVItRR sensors separately and then summed. Invariant

targets are arbitrarily defined as areas with V < 0.0001.

This results in identification of approximately 8000 pixels,

all of which are located in the Sahara. Most of these pixels
are located in the Libyan and Nubian Deserts. Of these

approximately 8000 pixels, 100 are randomly selected for

further analysis.

The 100 selected NDVI values for the month of August

1988 are used in equation B.5 as reference values NDVI_.

The reference values are corrected for sensor degradation,
with equations B.3 and B.4 and the calibration coeffi-

cients (rl/2, A1, A2) of (Kaufman and Holben 1993, Hol-
ben et al. 1990). Equation B.5, the values for Ai from
Table B.1, and the adjusted reference values are used to

calculate 100 monthly time-series of ratios of sensor degra-

dation between AVHRR channels 1 and 2 over the period
1982-1990 for each of the 100 selected pixels. The results

are summarized in figure B.1. Note that in figure B.1
the ratio of sensor degradation for August 1988 is 1 for

all cases, i.e., according to Kaufman and Holben (1993)
and Holben et al. (1990), the rate of sensor degradation
in AVHRR channel 1 is equivalent to the rate of sensor
degradation in AVHRR channel 2.

O4

,r,-

O_

c/

982 1984 1986 1988 1990 1992 1994
Year

Figure B.3: Comparison of ratios of sensor degradation be-
tween the NOAA-7, -9, and -11 AVHRR channels 1 and 2

obtained in this study (dots) and the studies by Verrnote and
Kaufrnan (1995) (+-es); Holben et al. 1990, Kaufrnan and
Holben (1993) (X-es); and Rao and Uhen (199_) (lines).

The ratios of sensor degradation shown in figure B.1
are, for the moment, referred to as apparent ratios of

sensor degradation r_/2. The term "apparent" is used
because no checks are made for the effects of other vari-

ables such as solar zenith angle. If these effects exist, they
should be removed to obtain estimates for the "true" ra-

tio of sensor degradation. Inspection of figure B.1 reveals

a cyclic signal in the data with a period of a year. A
similar signal is apparent in the channel 2 data of Rao

and Chen (1994). Potential sources of this signal could
be variations in solar zenith angle or an effect with an

annual cycle. Solar zenith angle is a function of both the

time of year and the age of the satellite (Price 1991). An
annual, cyclic effect is defined as a function of the time of

year only. Although no assumptions are made about the
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Table B.I: Preflight calibration coefficients for NOAA-7, NOAA-9, and NOAA-11. 7 is the preflight calibration coefficient

that converts integer counts to radiance values normalized for the solar flux. ACo,i = Co,i,p - Co,i,d in integer counts is the

difference between the preflight calibration offset and the deep space count. Y is the year with the time of year expressed in

decimals, (Y(15 January 1982) = 82.041). NOAA-7 data were acquired until February 1985, NOAA-9 data were acquired from
March 1985 until November 1988, and NOAA-11 data were acquired frorn November 1988. The preflight calibration parameters
for NOAA-11 were changed in September 1990 (in parentheses).

NOAA-7 7_

7_

z2kCo,1

ACo,2
NOAA-9 "7__

72

AC0,1

AC0,2
NOAA-11 71

72

AC0,1

ACo,2

0.1068

0.1069

-3.7003- 0.22295 (Y-81) + 0.00450 (Y-S1) _

-5.5469 + 0.26995 (Y-81)
0.1063

0.1075

-1.9044 + 0.17611 (Y-85) - 0.02504 (Y-85) _

-4.2445 + 0.82006 (Y-85) - 0.12508 (Y-85) 2
o.o9o_ (0.95)
0.0835 (0.90)
1.2 (-o.2)
-o.2 (o.o)

Table B.2: Analysis of Variance Table for the terms in equation (]3.7). The individual terms are grouped to represent intercali-

bration, nrflo, n9_4, andnl_s; sensor degradation, nrPr(t), noPg(t), n_iPl_(t); solar zenith angle effect, _12 COS 0-_-f_13(COS 0)2;

and an annual cycle/_4 sin(27rt/12) +/_15 cos(2rrt/12). Sum of squares indicates the amount of variance explained of the data in

figure (B.1) by each of the terms, the F values indicate the statistical significance of each of the terms (see text).

n7_o

n9_4

nll(#_t + ,_0F + _l_t_)
#1_cos 0 + _x_(eos 0)2
#_ sin(2_d12) + _l_ cosI2_d12)
residuals

Df Sum of Squares Mean Sq F Value
1 0 0.00 0

3 0.27 0.09 166

1 10.30 10.30 18897

3 5.07 1.69 3099

1 1.70 1.70 3112

3 0.42 0.14 259

2 3.64E-03 1.82E-03 3

2 1.98 0.99 1812
14284 7.79 5.45E-04

origin of this effect, it could be caused by variations in the

Earth-Sun distance or seasonal changes in the composi-

tion of the atmosphere. A model was fitted with ordinary

least squares to estimate the importance of both the solar
zenith angle effect and the annual cycle:

PT(t) = flo + fllt q- fl2t 2-}-flat 3,

P_(t) = _4 + fl_t + fl_t_ + Z7t_,
P11(t) = _S + _gt + fl_ot _ + flMt 3,

t = month starting with t = 0 for January 1982,
0 = solar zenith angle.

with

n7

n9

l-tll

f10...15

/

r_/_ 7t7P7(t ) -_ 77,9/D9(t) -}- 1111 ./-)11 (t)-_

fll_ cos 0 + fl_(eos 0)_+
_ sin(2_t/12) + _ eos(2_t/12), (B.7)

= 1%r NOAA-7, 0 otherwise,

= 1 for NOAA-9, 0 otherwise,

= 1 for NOAA-11, 0 otherwise,

= regression coefficients to be estimated,

The term P%9,x_(t) describes the sensor degradation

for the AVHRP_ on board NOAA-7, -9, and -11 as a

function of time t. The coefficients nz,9,H serve as a

switch to fit sensor degradation for each of the sep-
arate satellite-sensor systems. The solar zenith an-

gle effect, _x_ cos 0 + flxa(eos 0) 2, and the annual cycle,
_4 sin(27rt/12) + fl_s eos(27r//12), should be the same for

each of the satellite-sensor systems since they act on

the observations, and not on the satellite-sensor system.

Since they are a common factor, there is no multiplication
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with the switch n7.9 11. The annual cycle is modeled by
the sum of a sine and cosine function _o estimate both

the amplitude and phase. Solar zenith angle values are
not available in the GIMMS dataset and are therefore

estimated. Potential complications in the estimation of

solar zenith angle occur as a result of biases introduced

by compositing. Compositing introduces a bias to selec-

tion of observations later in the month in the case of sea-

sonally increasing NDVI values, and earlier in the month

in the case of seasonally decreasing values. Compositing

also tends to favor selection of observations Dora approxi-
mately 10 degrees in the forward scatter direct ion tHolben

1986. Los et al. 1994, In figure B.1. higher NDVI values

occur during late summer when solar zenith angles are

lower, and lower NDVI values occur during early spring
when solar zenith angles are higher. To accommodate

the biases introduced by compositing, solar zenith angle

values were calculated as the minimum solar zenith angle
for the 5th. 15th. and 25th day of each month at 10 ° off-

nadir in the forward-scatter direction. Calculations were

done with the Pathfinder navigation routines raames and

Kalluri 1994. Baldwin and Emery 1993. Patt and Gregg
19941.

The importance of each of the terms of equation B.7

in explaining the variance in the data of figure B. 1 is sum-

marized in an analysis of variance table (Table B.2j. In

this table the individual terms are grouped to represent

intercalibration, terms nr[3o, n9/]4, nli/3s; sensor degra-

dation, terms /_7P7tt). rz91°a(t), nilPsl[t); solar zenith
angle effect, terms 312cos0 /31aLcosO_U: and the an-

nual cycle, terms/3,4 sin(2rrt/12, +/3s_ cos(2rrt/12). The

sums of squares for the intercepts, nr_o. n9¢74, and nH/3s,
show tha_ lack of intercalibration between Instruments

from different satellites is a major source of variance in
the AVHRR data from NOAA-9. The lack of intercali-

bration between the NOAA-7 and NOAA-11 AVHRR is

much smaller. To show only the effect of intercalibra-

tion in Table B.2, the mean ratio of sensor degradation
between channels 1 and 2 for the NOAA-7 AVHRR was

subtracted from all ratios of sensor degradation (hence

the sum of squares for the term n7/30 is zero).

The sums of squares for the sensor degradation, terms

nr/31t...nr/3at a combined, terms na_st...rt9/3713 com-

bined, and terms nss/39t.., nll/3slt a combined, show the

importance of sensor drift during the time of operation

of the AVHRR on board NOAA-7, NOAA-9, and NOAA-

11, respectively. The contribution to the sums of squares
by differential sensor drift in AVIIRR channels 1 and

2 is substantial for NOAA-9, and smaller for NOAA-7

and NOAA-11. This is also indicated in figure B.1 by

the large decrease in the apparent ratio of sensor degra-

dation for NOAA-9, and the more constant signals for
NOAA-7 and -11. The variance explained by solar zenith

angle, terms /312 cos 0 +/3xa(cos 0) u, is smaller than the

variance explained by any of the other effects. In fact,

the variance is so small that the F value is below the

threshold for the 99% confidence level. It is therefore

concluded that solar zenith angle does not have a signif-

icant effect on the apparent ratio of sensor degradation

and that this effect can conveniently be ignored. The

terms /3,4sin(27rt/12j 315 cos(27rt/12) that model the
annual cycle have a significant effect on apparent ratios

of sensor degradation, as evidenced by the large sums of
squares and F values. The annual cycle should there-

fore be removed. The coefficients for the annual cycle are

314 = -0.01704 and /315 - 0.00273. Subtracting the an-

nual cycle and applying a 3 month moving average to the

data resulted in the estimated rates of sensor degradation
given in figure B.2 and Table B.3.

The estimation of sensor degradation fl'om N DVI com-

posites can be simplified if the identification of the invari-

ant targets and the estimation of the annual cycle can
be done once and be used outside the time-period from

which they were derived. To see if simplification leads to

consistent results, the la year data record is split into la
12-year datase_s by leaving out a different year each time.

For each of the la 12-year datasets created, the same pro-
cedures discussed in the previous part of this section are

followed. The invariant targets are identified and differ-

ent samples of 100 pixels are then randomly selected. The

apparent rate of sensor degradation is calculated, and the

annual cycle is estimated. Ratios of sensor degradation
are estimated for the year left out from the 100 invari-

an_ sites and the annual cycle obtained from the 12-year

record. A g-month moving average was applied to re-

move the noise from the estimates of sensor degradation
for tha_ one year. Rates of sensor degradation were thus

obtained for each of the 13 individual years left out from

the estimation of the invariant targets and the annual cy-

cle. A comparison with the rates of sensor degradation
calculated from the full 13-year data record is shown in

figure B.2. This figure shows close agreement between the
two results, correlation r = 0.99 and residual standard er-

ror = 0.006, indicating that consistent parameters can be

obtained if the invariant targets and the annual cycle are

estimated fl'om data of a different timeperiod.

B.5 Discussion

A procedure was developed to estimate the differential

rate of sensor degradation in AVHRR channels 1 and 2

on board NOAA-7, -9, and -11 consisting of the following
steps: identifying invariant targets in the Sahara, estimat-

ing apparent rates of sensor degradation, and estimating

and subsequently removing of an annual cycle in the ap-
parent ratios of sensor degradation. It was shown that the
effects of solar zenith angle variations on the NDVI from

deserts could be ignored. It was further shown that the in-

variant targets and the annual cycle need to be estimated
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Table B.3: Ratios of sensor degradation between the NOAA-7,

-9, and -11 AVHRR channels 1 and 2 for every other month

between February 1982 and December 1993. Stars indicate

change in data collection from one satellite-sensor system to
the next.

Feb Apt Jun Aug Oct Dec

1.067 1.071 1.075 1.074 1.081 1.081

1.085 1.086 1.086 1.079 1.075 1.077

1.067 1.070 1.065 1.054 1.064 1.082

1.059' 1.056 1.070 1.066 1.066 1.063

1.061 1.060 1.056 1.050 1.040 1.018

1.020 1.014 1.006 1.000 0.991 0.982

0.978 0.972 0.982 0.982 0.980* 1.106

1.117 1.119 1.132 1.141 1.139 1.138

1.139 1.136 1.131 1.139 1.132 1.123

1.121 1.120 1.120 1.116 1.113 1.122

1.116 1.110 1.110 1.107 1.116 1.127

1.121 1.126 1.125 1.113 1.122 1.128_j

only once and that they can be used outside the timepe-

riod from which they were derived. Therefore, rates of

sensor degradation can be estimated in near real-time by

monitoring NDVI changes over the same invariant targets
after eliminating the annual cycle.

In the analysis in the previous section, the effects of

the atmosphere and viewing angle were not explicitly con-

sidered, and the analysis was done on monthly compos-
ites instead of daily observations. To see if gross errors

were introduced by these simplifications, a comparison

was made with the results from several other studies (Hol-
ben et al. 1990, Kaufman and Holben 1993, Vermote and

Kaufman 1995, Rao and Chen 1994). In these studies,

sensor degradation was estimated separately for AVHRR

channels 1 and 2, and closer attention was paid to the

effects of atmosphere, viewing geometry, and solar zenith

angle. Figure B.3 summarizes the results for the period

1982 until 1993 obtained in this study (dots) and in the

studies of Vermote and Kaufman (1995) (+-es), Holben

et al. 1990, and Kaufman and tIolben (1993), (X-es) and
Rao and Chen (1994) (lines).

The data of Vermote and Kaufinan (1995)(+-es) show
a fairly large overall difference with the results from the

present study. However, this difference is consistent and

of equal magnitude over the entire period investigated.
Close agreement between the study of Vermote and Kauf-

man (1995) and the current study is found when the

monthly values are plotted against each other. The data

then fall in a straight line (figure B.4). The correlation

between the two datasets is high, r = 0.95. A linear fit

between these datasets results in an intercept (0.0104) of

equal magnitude as the standard error (0.0114). Because

the intercept term is small and equal in magnitude as the

standard error, it can be ignored. Thus one can convert

the estimates in this study to those from Vermote and

Kaufman by multiplying with a factor of 1.0425. The

multiplication factor is explained by the different refer-

ences used; in this study NDVI values from August 1988
corrected with the calibration coefficients of Kaufman and

Holben (1993) served as reference values, whereas Ver-

mote and Kaufman (1995) derived a calibration standard

by using the radiative properties of the atmosphere. The

otherwise high degree of similarity between the indepen-

dently derived ratios of sensor degradation for all three

AVHRRs in this study and the study of Vermote and

Kaufman (1995) gives confidence in the results of this

study and justification for the simple assumptions used
in the current study.
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Figure B.4: Scatter plot of monthly ratios of sensor degrada-
tion for the NOAA-7, -9, and -11 AVHRR channels 1 and

2 obtained in this study and in the study by Vermote and
Kaufman (1995). 7 indicates ratios of sensor degradation .for
NOAA-7, 9 ratios of sensor degradation for NOAA-9, and 1
ratios of sensor degradation for NOAA-11.

The values found by Holben et al. (1990) and Kauf-

man and Holben (1993) agree well for the AVHRR on

board NOAA-7 and -9, but the agreement is not as good

for NOAA-11. The ratio of sensor degradation for NOAA-

11 is consistently different, and the relative changes over

time are similar. Note that the results from the present

study and the results from Vermote and Kauihmn (1995)
are consistent for all three satellites. The differences in

estimates of sensor degradation for NOAA-11 by Kauf-

man and Holben (1993) could be caused by the small
number of data points and timeslots used in combination

with somewhat higher noise levels in the data from the

AVHRR on board NOAA-11 (see figure B.3). Another
explanation for inconsistency in the results could be that

on several occasions NOAA has sent out preflight cali-
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bration coefficients with the data that are different fl'om

the omcial documentation by Kidwell (1995) (Table B.1).

Use of different preflight calibration coefficients can easily
explain the difference between the results from Kaufman

and Holben (1993) and the present study.

The sensor degradation reported by Rao and Chen

(1994), which is based on the technique developed by
Staylor (1990), describes the sensor degradation in the
AVHRR as an exponential decay function. The differ-

ences in the ratios of sensor degradation across satellite

sensor systems are similar to those found in this study,
and the exponential decay functions, though derived from
a different data source, closely fit the rates of sensor

degradation found in the present study. The one excep-
tion is the discrepancy found in 1993. This was caused

by extrapolating the exponential decay function beyond
the 1988-1992 data record from which it was derived. It

clearly demonstrates that relationships obtained by fitting
the data of one period cannot be used for extrapolating
to another. Therefore, real-time calibration coefficients

must be estimated from current data (Teillet and Holben
1994).

As a final test, the calibration coefficients found in this

study were applied to the global 1° by l ° NDVI dataset

of Los et al. (1994) and the results were compared with

the global 1° by 1° NDVI Pathfinder dataset (James and
Kalluri 1994). The Pathfinder NDVI data were calcu-
lated from channels 1 and 2 reflectance values that were

corrected for sensor degradation with the coefficients of

Rao and Chen (1994). Monthly anomalies- i.e., depar-

tures from the monthly median NDVI -- over the period
of January 1982 until December 1990, were calculated for

the two global datasets for four arid regions; the Sahara

desert from 25 ° N 50 W to 20 ° N 200 E, the Gobi and

Taklimakan Deserts from 400 N 80 ° E to 350 N 100 ° E,
the southwestern United States from 350 N 105 ° W to

25 ° N 100 ° W, and southern Africa fl'om 25 ° S 20 ° E

to 30 ° S 25 ° E (figure B.5). The NDVI anomalies over

these arid regions should be small if sensor degradation
is appropriately addressed. Figure B.5 shows that the

calibration coefficients obtained in this study as applied
to the data of Los (1994), with the approximate model

of equations B.3 and B.4, lead to comparable if not bet-

ter results (in terms of stability of time-series) than the

calibration coefficients of Rao and Chen (1994) applied

to individual channels 1 and 2 data. The monthly esti-

mates of sensor degradation used in this study lead to
more consistent NDVI time-series when data collection is

changed from the NOAA-9 to the NOAA-I 1 AVHRR for

the Sahara and Gobi Deserts. This finding is especially
evident when the anomalies that occur around Novem-

ber 1988 in the Los (1994) dataset are compared to the

much larger departures in the Pathfinder data (James and
Kalluri 1994). Notice, however, that these departures do

not occur consistently in all data (see e.g. the time-series

for the southwestern USA in figure B.5).

B.6 Conclusion

It was shown that the ratio of sensor degradation between
channels 1 and 2 of the AVHRR can be calculated from

monthly maximum NDVI composites with a high degree
of accuracy. The ratios of sensor degradation correlate
highly with the independently derived results of Vermote

and Kaufman (1995; r = 0.95), and of Rao and Chen
(1994; r = 0.94), which gives a high level of confidence

in the results of the current study. Failure to extrapolate

expressions that describe sensor degradation as a function
of time clearly shows the need for a reliable method that

uses current data to correct NDVI composites for sensor
degradation.
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Figure B.5: Monthly anomalies i.e., departures from the monthly median NDVI--over the period of January 1982 until

December 1990 for four arid regions; the Sahara desert from 25 ° N 5 ° W to 200 N 20 ° E, the Gobi and Taklimakan Deserts

from 40 ° N 800 E to 350 N 100 ° E, the southwestern United States from 350 N 1050 W to 25 ° N 100 ° W, and southern Africa

from 250 S 20 ° E to 30 ° S 25 ° E. Solid line -- time-series from the global 1 ° by 1 ° NDVI dataset of Los et al. (1994)corrected

with calibration coefficients fl'om this study. Dots -- time-series from the global 10 by 1 ° NDVI Pathfinder dataset (James and

Kalluri 1994) corrected with the calibration coefficients of Rao and Chen (1994) applied to channels 1 and 2 data. Notice the

large jump in the anomalies over the Sahara in the Pathfinder data when data collection is changed from the NOAA-9 to the
NOAA-11 AVHRR in November 1988.
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Appendix C

A Global 1 ° by 1 ° NDVI Dataset
Climate Studies

for

Slightly revised from the publication by S.O. Los, C.O. Jus-
tice, and C.J. Tucker, 1994, A global 10 by 10 NDVI dataset for

climate studies derived from the GIMMS continental NDVI data,
Int. J, Remote Sens., 15, 3493-3518.

Abstract

A 9-year (1982-1990) global Normalized Difference Vegeta-

tion Index (NDVI) dataset with a spatial resolution of 1° by

1° and a temporal resolution of one month was compiled for

use in climate studies. This dataset was derived from higher

resolution (5-8 km) monthly continental NDVI datasets that

were processed and archived by the Global Inventory Monitor-

ing and Modeling System (GIMMS) group at NASA/Goddard

Space Flight Center. The continental GIMMS NDVI datasets

were calculated from Global Area Coverage (GAC) data col-

lected at daily intervals by the Advanced Very High Resolu-

tion Radiometer (AVHRR) on board the NOAA-7,-9, and-11
satellites.

The global 10 by 1 ° NDVI dataset was produced to esti-

mate landsurface parameters for use within general circulation

models of the atmosphere (GCM). In view of this quantitative

application, an evaluation is given of the representation by

the NDVI data of the spectral properties of vegetation at the

land surface. Errors are defined as deviations from measure-

ments obtained under standard conditions, i.e., conditions at

the top of the atmosphere with no clouds, clear atmosphere,

near-nadir viewing angles, overhead Sun, and invariant soil

background. The discussion includes an assessment of (1) the
data collected and processed by the AVHRR on board the

NOAA satellites; (2) processing of the AVHRR data into the

continental GIMMS NDVI datasets; (3) resampling of the con-

tinental datasets to a 1 ° by 10 dataset; and (4) propagation of

inconsistencies and biases from (1), (2), and (3)into the 1° by

1 ° global NDVI data. Examples are shown of the temporal and

spatial variations in spectral properties of vegetation contained

in the 1° by 1° NDVI data, and these are compared with the

dynamics of biophysical parameters derived from landcover

classes that were used in previous climate studies.

C.1 Introduction

Developments in the study of global climate have led to

incorporating biosphere models into general circulation

models of the atmosphere (GCMs), e.g., the Biosphere-

Atmosphere Transfer Scheme (BATS) of Dickinson (1984)

and the Simple Biosphere Model (SiB) of Sellers (Sellers

et al. 1986; see also Sellers et al. 1992a, Sellers et al.

1996a). These biosphere models differ from prior efforts

in that they provide a more realistic treatment of the

water, energy, and carbon exchanges between the land

surface and the lower boundary layer of the atmosphere

(Sato et al. 1989). With the development of these mod-

els, a need for datasets emerged from which the global

distribution of biophysical parameters could be derived.

To obtain these datasets, Dorman and Sellers (1989) used

look-up tables compiled from datasets assembled by Klink

and Willmott (1985) to assign biophysical parameters to

the global landcover classifications of Matthews (1983)

and Kuchler (1983). This approach is not without prob-

lems. First, landcover classes typically contain only rudi-

mentary information on within-class variations and veg-

etation seasonality. Second, biophysical parameters re-

flect conditions at selected sites and these may not be

representative for an entire class, e.g., if a classification

distinguishes only one type of grassland, the parameters

derived for grasslands with either Ca or C4 based pho-

tosynthesis cannot be properly assigned. Third, land-

cover datasets can be inaccurate, partly because they

may be intended for a different purpose, e.g., DeFries

and Townshend (1993) found large disagreements among

global landcover datasets compiled by different authors.

An alternative way to obtain global distributions of

biophysical parameters is by means of satellite data. So-

lar radiation in the visible and near-infrared wavebands,

reflected by the Earth's surface and collected by a remote

sensing device, can be combined into a spectral vegeta-

tion index such as the normalized difference vegetation

index (NDVI) and related to physical properties of veg-

etation (Tucker 1979, Kumar and Monteith 1982, Sellers
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1985, Justice 1986, Prince and Justice 1991). For ex-
ample, the NDVI has been related to the fraction of ab-

sorbed photosynthetic radiation (FPAR), green leaf area

index (Lg), and carbon assimilation of vegetation (Sellers

1985, Tucker et al. 1986a, Fang et al. 1987, Box et al.

1989, Sellers 1987, Sellers et al. 1992a, Asrar et al. 1992).
Seasonal integrals of the NDVI have been correlated with

the accumulation of aboveground biomass in sub-Saharan

Africa and North America ('Fucker et al. 1981, Tucker et
al. 1985, Goward and Dye 1987). In an updated version

of SiB, referred to as SiB2, similar relationships are em-

ployed to calculate from monthly NDVI data, monthly

values of FPAR, leaf area index, landsurface albedo, and

roughness length. These monthly values are interpolated
to obtain values at smaller time steps that are used for

calculating photosynthesis and transpiration (Sellers et al.

1992a, Sellers et al. 1996b, Chapter 5, Appendix D).

To obtain 10 by 10 global fields of NDVI, monthly
NDVI datasets with a spatial resolution of around 5 to

8 km were used that were compiled by continent for the

period 1982 to 1990 by the Global Inventory Monitoring
and Modeling System (GIMMS) group at the National

Aeronautics and Space Administration (NASA) Goddard
Space Flight Center. These datasets were calculated from

data collected by the advanced very high resolution ra-
diometer (AVHRR) on board the National Oceanic and

Atmospheric Administration (NOAA)-7, -9, and - 11 satel-
lites. In this paper, an assessment is provided of the con-

tinental datasets in terms of how consistently the data

represent the spectral properties of landsurface vegeta-
tion. Errors or inconsistencies in the data are defined as

deviations from the top-of-the-atmosphere measurements
carried out at the middle of the month under standard

conditions, i.e., data collected at near-nadir viewing an-
gles under clear, cloud-free atmospheric conditions, with

an overhead Sun and an invariant soil background. For
example, a cloud-contaminated pixel is referred to as er-

roneous, since it does not correlate with the condition of

the vegetation at the land surface. An evaluation is given

of data collecting and processing by the AVHRR, compil-

ing the GIMMS continental datasets, and resampling of
the continental data into a 1° by 1° dataset.

Given the wide range of conditions under which data

are collected and the diverse ways the data can be af-

fected, this discussion can be limited in scope only. Ma-

jor problems in the dataset are highlighted, and a very
rough estimate is given of the magnitude of inconsisten-
cies. The spatial and temporal variations in the NDVI are

compared with the temporal development of biophysical
parameters for the 12 SiB biomes of Dorman and Sellers

(1989). An evaluation of the propagation of errors in the

NDVI dataset into climate models is beyond the scope
of this paper; however, some issues • that are of concern

to the translation of NDVI into biophysical parameters
are addressed in the discussion. A correction of the most

important remaining errors in the dataset and the cal-

culation of biophysical parameter fields are discussed in

Sellers et al. (1996b), Chapter 5, and Appendix D.

C.2 The GIMMS Continental

NDVI Dataset

Spectral vegetation indices derived from NOAA-AVHRR

data, such as the GIMMS NDVI (Holben 1986) and

the NOAA global vegetation index (GVI) (Tarpley et al.
1984), have been employed in various studies around the

globe to obtain information on the state of vegetation

(Tucker et al. 1985, Justice et al. 1985, Townshend et al.

1985, Malingreau 1986, Justice 1986, Goward and Dye
1987, Fung et al. 1987, Malingreau and _cker 1988, Box

et al. 1989, Prince and Justice 1991, Tucker et al. 1991a,
b). As studies became more quantitative and attention

was focused on interpreting longer time-series and larger
areas, it became apparent that both spatial and tempo-

ral inconsistencies were present in the data (Goward et

al. 1991). These inconsistencies originated from a nun>

her of sources: satellite navigation uncertainties, a drift

in the satellite's local crossing time, degradation of the

AVHRR sensor, onboard resampling of the data, cloud

effects, atmospheric attenuation of the signal from the
land surface, variations in the viewing and solar zenith

angle, surface bidirectional reflectance distribution func-

tion (BRDF), and variations in the soil background. A
short discussion of each of these effects is provided in this

section and the order of magnitude of these effects is sum-

marized in Table C.3. In section C.3, data processing in
terms of its ability to remove these inconsistencies is dis-
cussed.

C.2.1 The NOAA-AVHRRRemote Sens-

ing System

The NOAA-AVHRR was designed to collect meteorologi-

cal data on the entire globe. After the satellite became op-
erational, its potential for vegetation monitoring was real-

ized with the launch of NOAA-7 in 1981. The original re-
quirements (meteorological applications) which drove the

design of the AVHRR explain some of its shortcomings
for monitoring vegetation, such as the limitations in accu-

rately determining the satellite orbit (Emery et al. 1989),

the method of onboard data resampling (Kidwell 1995), a
lack of onboard calibration to correct for decreasing sen-

sitivity of the AVHRR over time (Price 1987, Holben et

al. 1990, Kaufman and Holben 1993), and the selection
of an early afternoon crossing time, which more-or-less

coincides with the time of maximum cloud development

around the globe (Sellers and Schimel 1993).
An accurate orbital model of the NOAA satellite is

important to correctly locate data to a position on the
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ground. Emery et al. (1989) discuss several orbital mod-

els and conclude that with the most advanced models,
data can be located with an accuracy of about 1 km.

These models use highly accurate orbital parameters,

ground control points, and inverse image referencing, i.e.,
satellite data are registered in a way that minimizes the
distance between the location of the satellite data and the

elements of the geographic projection onto which the data

are mapped. In the navigation software of the GIMMS

group, which uses the orbital parameters on the tape that
are provided by NOAA, many of the techniques discussed

by Emery et al. (1989) are not implemented. The navi-
gation accuracy is therefore lower: NOAA cites an error

m the surface pixel location of _ 5 km and Holben (1986)

found along- and across-track errors of 4.8 km and 3.6 kin,
respectively, but also documented deviations of as much

as 17 km (Table C.3).

Over their time of operation (3 to 5 years) the NOAA-

7. -9. and -11 satellites have experienced a gradual drift

from the original target equatorial crossing time of _14:30
(solar time) to local solar crossing times of _16:00 or later

(Price 1991). The AVHRR data can reflect differences

due solely to an altered illumination geometry (higher

solar zenith angles) as a result (Chapter 3.2.1, Appendix
D.4.2_.

The AVHRR collects data at 1.1 km resolution at the

satellite sub-point. To reduce the amount of data that

is stored on board between transmissions to the ground,

data are resampled to global area coverage (GAC) resolu-

tion. This is done by averaging the four left-most pixels

of the first row of a 5 by 3 pixel window. Since only
4/15 of the original window is used, a locale can be inac-

curately represented by a GAC pixel, especially in areas

with high spatial variability in vegetation cover (Justice
et al. 1991b).

NOAA provides a preflight calibration for the visible

and near-infrared channels, which relates the signal re-

ceived by the satellite to a pre-launch standard (Kidwell
1995). The preflight calibration does not take into ac-

count degradation of the AVHRR that occurs after the

launch of t he satellite. Sensor degradation results in grad-
ual changes in the NDVI over the lifetime of the sensor

and leads to discontinuities between successive instru-

ments (figure C.l.a). The deviations are dependent on

the magnitude of the NDVI and are generally between

-0.10 and -0.01 NDVI compared to the pre-launch stan-

dard (Holben et al. 1990, Kaufman and Holben 1993, Los
1993_.

C.2.2 Cloud Contamination

A significant proportion of the land surface is obscured

by clouds, the timing of maximum cloud development
in the humid regions of the world more-or-less coincid-

ing with the afternoon overpass time of the NOAA-7, -9,

and -11 satellites. Clouds appear as very bright objects

in channels 1 and 2 (reflectances generally larger than

0.35 in both channels) and have low, negative NDVI val-
ues (-0.05 to -0.2 NDVI). Most cloudy data values can

be identified by their low surface temperatures and high
brightness and thus can be eliminated. Mixed pixel data

that are part clouds and cloud shadows, and part land

surface, are difficult to identify automatically, and are

therefore likely to be incorporated in the datasets. The

effect ofsub-pixel clouds is especially serious for vegetated
areas, the effect in this case being largest on the visible
reflectance. For example, a cloud with a reflectance of 0.5

in the visible band and a fraction of 20% in a landsurface

pixel with a reflectance of 0.05 can increase the appar-

ent surface reflectance by 0.08 (Kaufman 1987). Studies

on cloud distributions show that sub-pixel size clouds (<
1.1 km) occur the most frequently (Planck 1969, Wielicki

and Welch 1986). Also, given that areas with high cloud

cover coincide with densely vegetated areas, it follows that

cloud contamination is a serious problem for vegetation
monitoring.

C.2.3 Atmospheric Perturbations

The amount of solar energy radiated to and reflected

from the Earth's surface is modified by atmospheric con-

stituents. Important to AVHRR bands 1 (visible, 0.55 -

0.68 mm) and 2 (near-infrared, 0.72- 1.1 ram) are: ab-

sorption and scattering by gases (principally ozone, CO2

and water vapor), Rayleigh or molecular scattering (02,

N2, A) and scattering by aerosols (e.g., Chahine et al.
1983, Tanrd et al. 1992). Of these, water vapor and at-

mospheric aerosols vary highly in concentration over space
and time and their effect is therefore difficult to account

for without knowledge of their distribution in the atmos-

phere. Atmospheric ozone concentrations also vary over

the globe, but to a lesser extent. It is possible to ob-

tain the distribution of atmospheric constituents from a

ground-based sun-photometer network (water vapor and

aerosols), radiosonde (water vapor) or satellite data (wa-

ter vapor and ozone and to some extent aerosols) (see
e.g., Tanr6 et al. 1988, Holben and Eck 1990, Herman et

al. 1991, Holben et al. 1991, Stolarski et al. 1991, Hob

ben et al. 1992, McCormick and Veiga 1992, Stowe et al.
1992). Rayleigh scattering can be accounted for because

molecules are distributed in the atmosphere in an even,

predictable way. The impact of atmospheric scattering

and absorption on the signal measured by the satellite
is also dependent on the spectral properties of the land

surface, and is enhanced by viewing angle and ilhmina-

tion geometry effects (section C.2.4). The effects of the
atmospheric components on AVHRR channels 1 and 2

data, and on the NDVI, are summarized by Tanr6 et al.

(1992). Some of their estimates are given in Table C.1.

Examples of atmospheric effects on NDVI time-series
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Figure C.I: Variations in the NDVI as a function of (a) sensor degradation: the NDVl from desert sites is assumed to exhibit

only small variations over time. The trends in the NDVI data (e.g. for NOAA-9) are the result of sensor degradation, the

discontinuities between satellites (compare data for NOAA-9 and NOAA-11) are caused by differences in calibration between

satellites. (b) clouds: NDVI data from an equatorial forest should exhibit low seasonal variation. The strong temporal changes in

the NDVI and the missing data are caused by cloud contamination, (c) effect of aerosols from the Mt. Pinatubo eruption (July

1991) on the NDVI. The eruption of Mt. Pinatubo resulted in high concentrations of atmospheric aerosols worldwide. These

aerosols strongly increased the reflectance in the visible channel of the A VHRR and decreased the ND VI. Aerosol concentrations

gradually diminished over time; the effects were noticeable in the NDV[ data for about one-and-a-half years. (d) The near-

infrared channel of the A VHRR contains a water vapor absorption band. Seasonal increases in atmospheric water vapor, e.g., at

the start of the rainy season in the Sahel, decrease the measured reflectance in the near-infrared channel and decrease the ND V[.

(e) Bidirectional effects in the NDV[ as a function of viewing angle measured for ground-measured data (top line) and data

measured at the top of the atmosphere (bottom line). The ground bidirectional distribution function (BRDF) was simulated with

a model from Roujean et al. (1992) and the atmospheric effects for a mid-latitude continental atmosphere with fairly high aerosol

concentration were simulated with the Second Simulation of Satellite Signal in the Solar Spectrurn6S (Verrnote et al. 1995).

The ground-measured NDV[ data are overall higher than the data measured at the top of the atmosphere and show an inverse

relationship with viewing angle. A small hotspot effect is found at 300 off-nadir in the backscatter direction. This effect occurs

when the observer is in the principal plane with the Sun in his/her back and the view zenith angle is equal to the solar zenith

angle. In this configuration the amount of shadowing appears at a minimum for the observer (provided the distance between the

observer and the target is sufficiently large). (f) Frequency distribution of variations in the IVDVI from the Sahara (27.50 N,

1.25 ° W to 27.$ o N, 23.7 ° E). Most of the variation in the ND V] can be attributed to variations in soil background reflectance,
not to variations in vegetation greenness.

are shown in figures C.l.c and C.l.d. Figure C.l.e shows
the impact of volcanic dust blown into the air after the

Mr. Pinatubo volcanic eruption on a NDVI time-series of

an equatorial forest (Vermote et al. 1995). Figure C.l.d

is from an area in the Sahel. At the start of the growing
season NDVI values are decreased by the movement of a

large humid air mass into the area that is at the boundary

of the intertropieal convergence zone (ITCZ) (Justice et
al. 1991a).

C.2.4 Illumination and Viewing
Geometry-Dependent Effects

The AVHRR measures data from a wide range of view-
ing angles (between 4-550 off-nadir) and illumination con-

ditions (solar zenith angles between 20 ° and 90°). The
variation in illumination and viewing geometry will affect
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Table C.1: Values/torn Tanrd et al. (1992). The effect on
high and low NDVI values (vegetated and bright surfaces re-

spectively] by atmospheric attenuation of ozone (Uoa = 0.35

crn.atrnj, water vapor (UH2 0 = 3.0 g.cm-_)), Rayleigh scat-
tering /scattering in the forward princ@al plane; d)_ = 180°),
and aerosols [scattering in the forward principal plane; _ -
180 °. optical depth Ta -- 0.20)for a solar zenith angle of O_ =
300 . and a viewing angle of O_ = 300 .

ozone

water vapor

Rayleigh
aerosol

ANDVI

(NDVI - 0, bright)
+0.025
-0.07

0.00

0.00

ANDVI

(NDVI = 0.9)
+0.01

-0.02

-0.06

-0.10

C.2.5 Soil Background Effect

The reflective properties of a bare soil vary with its type
and composition. Differences in the spectral response of

channels 1 and 2 manifested by soil color and bright-
ness result from variations in soil properties, such as the

amount of iron and organic material present. Figure C. 1.f
shows the variation in NDVI values over an area of the

Sahara where the contribution of the bare surface to the

signal measured by the satellite is large. The standard

deviation of this sample is about 0.02 NDVI. The impact
of the soil reflective properties on the NDVI becomes less

important when the amount of vegetation cover increases.

A number of vegetation indices are reported that are less

sensitive to the soil background effects such as the soil-

adjusted vegetation index (SAVI) described by Huete and
Tucker (1991).

the NDVI. depending on the surface BRDF and the op-
tical properties of the ammsphere. Ground-based studies

on the surface BRDF have revealed a wide variety of re-
sponses in the NDVI that are dependent on factors such

as vegetation type, the amount of green material, the ar-
chitec_ure of plants, and the way plants are distributed

(clustered. rows. evenly distributed, etc.; see Myneni et al.

1989. Deering et al. 1992a). For example, Deering et al.
_1992b. 1994) found the occurrence of maximum NDVI

for a range of viewing angles to be dependent on solar
zenith angle. For a spruce-hemlock stand the maximum

NDVI was in the forward scatter direction for solar zenith

angles smaller than 40 ° . and for larger angles in the back

sea_er direction (Deering et al. 1994). Middleton (1991)
found for grasslands both increasing and decreasing rela-

tionships between the NDVI and solar zenith angle.

Several authors have studied the combined effect of at-

mosphere andsurface BRDF on viewing and illumination

geometry. Most of these studies used simplified models
for the surface BRDF and combined these with radiative

_ransfer models for a limited sample of atmospheric condi-

tions IKimes 1983. Holben and Fraser 1983, 1984, Holben
et al. 1986). These s_udies found maxima in the rela-

tion between NDVI and viewing angles in the near-nadir

and slight forward scatter directions (_10 ° - 20°; figure
C.l.b,. Relationships between solar zenith angle and the

NDVI were not investigated, but a few examples caleu-

lated by these authors showed a slight decrease in NDVI

with increasing solar zenith angle.

At very high solar zenith angles near the twilight ter-
minator, light intensities become low and atmospheric

path lengths for incoming solar radiation large. The con-

tribution of the atmosphere to the signal measured by
the AVHRR will therefore be large, to the extent that

the signal from the surface is completely obscured (Hol-
ben 1986).

C.3 Steps in Processing GIMMS

Continental NDVI Data

In this section processing the continental NDVI dataset

is discussed and evaluated in terms of its adequacy to re-
move the effects summarized in section C.2. An outline of

the major steps in the compilation of the dataset is given

in figure C.2, and the order of magnitude of remaining

effects on the NDVI through various stages of process-
ing is assessed and summarized in Table C.3. Because of

the large amount of data, labor, and resources involved

in compiling the continental dataset, simple and robust

algorithms were employed to reduce the processing time.

Constraints in the amount of data storage available in the

early stages of the GIMMS program caused datasets from

intermediate stages in data processing to be discarded.
For example, the individual channel data that are neces-

sary to correct the NDVI for atmospheric scattering and
absorption are unavailable in this dataset.

C.3.1 Organization of Level 1B Data

The first stage in data processing merely organizes the

NOAA data to facilitate subsequent data processing. In

the original level 1B format provided by NOAA/National
Environmental Satellite Data and Information Service

(NESDIS), global area coverage (GAC) data are stored
as full orbits and include measurements of the land sur-

face as well as the oceans. The orbits are divided and

organized by continent for efficient manipulation and to

reduce data processing (Table C.2).

C.3.2 Mapping the Daily Global Area

Coverage (GAC) Data

In the second stage, global area coverage (GAC) data were

processed by continent. Simple algorithms were imple-
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Table C.2: Organization of the GIMMS dataset by continent with properties of projections. HA = Hammer Aitoff

equal area, CED = conical equidistant projection with two standard parallels (Maling, 1973).

continent

N-America

S-America

Europe
Africa

Asia

Cent> Asia

S-Asia

SE-Asia

Australia

projection
HA

HA

HA

HA

HA

HA

HA

HA

CED

pixel size (kin)
8.0*5.5

7.0*6.5

7.5*4.5

7.5*8.0

13.5'5.5

5.5*4.5

5.5*5.0

5.5*5.0

5.5*5.0

T threshold (K)
273

273

273
288

273

273

273

273
273

upper left corner

700 N- 1570 W

230 N- 970 W

750 N- 82 ° W

450 N- 300 W

700 N-760 W

660 N- 170 g

50 ° N- 460 E

350 N - 840 E

4° N- 1010 E

lower right corner
90 N- 65 ° W

560 S- 150 W

240 N- 580 E

430 S - 620 E

18° N - 150°W

14 ° N - 1140 E

0° N- 121 o E

150 S - 1520 E

440 S 169°W

polyconic

center

400 N-103 ° W

160 S - 64 ° W

50 ° N- 250 E
1° N- 170 g

50 ° N- 900 E

40 ° N - 820 E

250 N- 900 E

10 ° N- 1200 E
25 o S 1350 E

ii!!!_ij;ii

I 1. Arrange level 1B ]data by continent

ii_jj'_i!i:!ii

' 2. Read channel 1, 2 and 5 data ]
J

;i!!=:i=iill':t':!

3. Elimination of data with
a. Viewing angle > 30 ° 35 °
b. c5 brightness T < 273 K {285 K Africa)

_;_i,iiiii!',ill
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!!_ii#i!!i
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I

iigiiiiii!
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Figure C.2: Main steps in processing the NOAA-AVHRR

level 1B data into the continental and global datasets (see sec-
tion C.3)

mented to eliminate or reduce the impact of data that

were affected by cloud contamination, atmospheric scat-

tering and absorption, and viewing geometry. The re-

maining data were mapped to cartographic projections

and stored in image format (Table C.2). The generalized

stages of processing are shown in figure C.2 and can be
summarized as follows:

1. Organizing level 1B data (previous section)

2. Reading channels 1, 2 and 5 data from the conti-

nental dataset tapes.

3. Eliminating spurious data based on the following
thresholds:

(a) The 45 outer pixels on either side of a scan

are discarded. This corresponds to eliminat-

ing data fl'om viewing angles larger than 420
off-nadir. This cut-off reduces the variation in

ANDVI (NDVIo - NDVI0o), with 0 the viewing

angle) as a result of viewing geometry, in some

cases by as much as 50%. For example, Hol-
ben (1986) found for an average aerosol load

and a top-of-the-atmosphere NDVI of 0.6 ob-
served at nadir, a ANDVI of + 0.02 at 10° to

20 o in the forward scatter, and a ANDVI of

-0.18 and -0.08 for 560 and 42 o , respectively,

in the backscatter direction (figure C.l.e).

(b) Cloud-affected data are detected by low sur-
face brightness temperatures in the AVHRR

thermM-infrared channel 5. For Africa, data
with a temperature below 288 K are elimi-

nated, for the other continents a temperature

threshold of 273 K is used. The cloud screening
technique does not eliminate data from warm

clouds or from partially cloudy "mixed" pix-

els. For example, Eck and KMb (1991) show
that only part of the cloud cover in the Gulf of

Guinea is removed by the temperature thresh-

old technique. Similar problems are found in

other areas with persistent cloud cover, such as

north-east India during the monsoon, and the
South American, African, and southeast Asian

tropical rain forests (figure C.l.b). Cloud
cover, with typically low NDVI, will lead to

increased spatial variability over tropical areas

with high NDVI (areas in the tropics with high
spatial variability are identified in section C.5
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C.3. STEPS IN PROCESSING GIMMS CONTINENTAL NDVI DATA

.

and figure C.3.a). A problem inherent to the

cloud screening technique is the elimination

of all data with low brightness temperature,
whether they are from clouds or from land sur-

faces. As a result, the continental dataset does

not contain data for high latitude areas during

the Northern Hemisphere winter (figure E.4.a).

This will cause the disappearance of all veg-

etation during the winter, even of evergreen

needle trees, which will affect estimates of veg-
etation dependent parameters such as surface

roughness and albedo (Sellers et al. 1996b, Ap-
pendix D).

Channels 1 and 2 digital counts are converted to
radiances and normalized for the solar flux at the

top of the atmosphere in the respective bands using

the preflight calibration provided by NOAA (Kid-
well 1995). The resulting values correspond to re-
flectance values in the case of an overhead Sun. The

preflight calibration does not take sensor degrada-

tion into account (figure C.l.a, Appendix A, B).

The NDVI is calculated according to

Lf -
NDVI -- L2N + LN , (C.1)

with L N and L N the normalized radiance values

in channel 1 (visible) and 2 (near-infrared), respec-
tively. Using normalized radiances results in the

same NDVI values as if reflectance values were used,

because the cosine of the solar zenith angle cancels
in equation C.1. The conversion of channels 1 and 2

data into the NDVI strongly reduces the impact of

varying illumination conditions and shadowing ef-

fects that are, for example, caused by variations in

solar and viewing angle (Kimes et al. 1984).

The NDVI data are mapped to an equal area or

equidistant projection (Table C.2), in blocks of i to
5 days of data at a time. The resolution of the GAC

data is reduced to allow display of a continent on

a 1280 by 1024 element screen (Table C.2 lists the

resolutions of the projections). In cases where pix-

els overlap, the value of the pixel with the highest
NDVI is used. This procedure will lead to selec-

tion of higher values than if the nearest neighbor of

the element were selected. An average difference of
+0.03 NDVI between maximum value and nearest

neighbor sampling was found over a 1° by 1° cell
in the African equatorial forest. Some areas on the

edges of continents were not mapped in a consis-

tent fashion: most data for New Zealand, and some
data from the southern parts of Central America

(mainly for 1982) and the southeast coast of the

Arabian Peninsula (mainly for 1982) are missing.

.

.

A visual check of the registration was made by com-
paring the outlines of continents and rivers in the

image with those in the Central Intelligence Agency

(CIA) World Data Bank II (Gorny 1977). When a

mismatch between features was found, the entire

image was shifted over a whole number of pixels to
fit the CIA World Data Bank II. This reduces the

registration error of the final product to _4 - 8 km
(_1 - 2 pixels).

Compositing: The daily images show large areas
where data are missing. These areas result from

gaps between mapped orbits and from data elimi-

nation during the various stages of processing. The

amount of useful data is further reduced by the

effects of clouds, atmosphere, and viewing and il-

lumination geometry. To obtain almost complete

cover of the land surface and to reduce the impact

of these effects, a monthly maximum value compos-

ite is obtained from the daily images by selecting

the maximum NDVI of the month for each pixel.

Because most of the cloud, atmosphere and viewing
effects decrease the NDVI, compositing will result in

monthly NDVI values that for the main part are se-

lected fi'om data collected at near-nadir viewing an-
gles under cloud-free, clear atmospheric conditions

(Holben 1986). Changes in NDVI values as a result

of sensor degradation, solar zenith angle, and soil

background cannot be accounted for by composit-
ing.

C.3.3 The Monthly NDVI Composites

After compositing, evidence of inconsistencies are still

present in the NDVI data. Examples of areas where de-

creased NDVI values are found are in the tropics and

subtropics as a result of persistent cloud cover (e.g., Gulf

of Guinea during August - September, equatorial Africa,

Amazon, Indonesia, northeast India during the monsoon,

figure C.l.b); of areas near the ITCZ as a result of pro-
longed high humidity, (e.g. , figure C.l.d, Justice et al.

1991a), and after volcanic eruptions as a result of long

term presence of atmospheric aerosols (e.g., E1 Chichon,

see _kmker and Matson 1985; and Mount Pinatubo, see

figure C.l.c and Vermote et al. 1995).

The extent to which errors due to off-nadir viewing

geometry are diminished depends on the frequency of oc-

currence of cloud-free, clear atmosphere data (Kaufman
et al. 1992). Under favorable conditions, data from slight

forward scatter positions (100 - 20 °) tend to be selected.
For densely vegetated areas this can result in values of

_0.02 higher NDVI as compared to data collected at a
nadir viewing angle. When the occurrence of cloud or

atmospheric turbidity becomes more frequent, preference

for the forward scatter viewing angles is less pronounced,

115



?

APPENDIX C. A GLOBAL 10 BY 10 NDVI DATASET FOR CLIMATE STUDIES

Table C.3: Estimates of the magnitude of possible errors in the continental and global normalized difference vegetation indexdatasets.

8 km data 1°'10 sourcecloud

atmosphere

solar zenith angle
terminator

soil background

viewing angle

compositing

registration

sensor degradation

sensor degradation after adjustment
Non-linearities cl, c2 versus NDVI

-0.7< e <0

-0.3< e <-0.1

-0.2< e <0

e > signal
-0.07< e <0.08

-0.1< e <0.05

0< e <0.05

O< e <0.03

-0.1< e <0.01

-0.002< e <0.002

0

-0.3<e<0
-0.2<e<-0.1

-0.2<e<0

e > signal
-0.07<e<0.08

-0.02<e<0.02
0<e<0.02

0<e<0.01

N/A
0

-0.005<e<0.015

time-series

Holben (1986), Tanrd et al. (1992)

Sellers et al. (this issue)
Holben (1986)

Huete and Tucker (1991)

Holben (1986)
time-series analysis

equatorial forest

Los (1993)

Los (1993)
this paper (figure C.3_

and data are selected more randomly over the range of
viewing angles.

Forming composites of misregistered data results in

increased NDVI values for adjacent areas of different veg-
etation density. For the study of local phenomena this

inaccuracy may be a limitation, but for global studies,

with data resampled to a much coarser resolution, the
net effect is believed to be small.

For areas where a gradual change of vegetation oc-
curs within the compositing period, a positive bias in the

NDVI is likely to be introduced. In the case of growing
vegetation, values near the end of the month tend to be
selected, for senescing vegetation the bias will be to se-

lection of values collected at the beginning of the month.

Assuming a linear change from one month to the next,

the error is about 0.5 * (NDVIt+I - NDVIt_1) * (day,_
- dayxs)/(ndays) with day_5 indicating the 15th day of
the month and day,_ the day from which the Value was

selected. Examples of the diminished magnitude of errors
as a result of compositing are given in Table C.3.

C.3.4 Correction for Sensor Degradation

Because the correction for sensor degradation involves

both additive and multiplicative terms, it is best applied
separately to single channel data. However, information

on individual channel data is not retained in the mapped
daily data or the maximum value composites. To ad-
just the monthly NDVI composites for the effect of sensor

degradation, an approximation was used that was devel-

oped by Los (1993). This approximation uses NDVI as
the only input and the parameters of Kaufman and Hol-

ben (1993) and Holben et al. (1990). Using this approx-
imation, an acceptable accuracy (Root Mean Square--

RMS smaller than 0.002 NDVI) can be obtained. This

is generally much better than the absolute accuracy with

which sensor degradation can be established (_5%-10%
in both channels 1 and 2, Holben personal communica-

tion), and is of the same order or smaller than the relative

c5
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Figure C.3: Effect of non-linearities between channels 1 and

2 normalized radiances versus normalized difference vegetation
index (NDVI) as a function of standard deviation. ANDVI is
the difference between the NDVI averaged over 128 values and
the NDVI calculated from the average of 128 channels 1 and

2 data pairs. Dataset was generated using random mixtures of
three end members (dark soil, bright soil and vegetation) with
various weights assigned (see text),

accuracy.

C.4 Formation of the Continental

Data Into a Global Dataset

To obtain a resolution that is useful to GCM studies, the

data were resampled to 10 by 1°. The 10 by 10 grid cell

has dimensions of ,-110 by 110 km at the equator and rep-

resents _12 by 12 to _20 by 20 GAC pixels depending on
latitude and resolution of the projection. Resampling was

done by averaging over 10 by 1°. Missing values, NDVI

data from solar zenith angles larger than 850 , and data

from water bodies such as oceans, seas, and lakes, were
excluded fi'om averaging. NDVI data from rivers were
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not excluded, but their impact is believed to be small

because the combined effects of compositing and misreg-
istration strongly reduce linear features with low NDVI

values. Surface water was identified with a mask based

on the outlines of continents and lakes in the CIA World

Data Bank II (Gorny 1977). The outlines of the data base

were included with the surface water mask. Each 10 by

10 cell was identified as a landsurface cell and assigned
a NDVI value if it contained less than 50% surface wa-

ter. Because New Zealand was not mapped in a consistent

fashion, a maximum value composite for all the individual

months was made using the 9 years of data. For exam-
ple, all January data from 1982 1990 were combined to

obtain one January dataset. This dataset was then used

to represent the NDVI of all the months of January from
1982 until 1990. As a result, the New Zealand data do

not show changes from one year to the next.

Averaging over the 1° by 1° grid cells may lead to

inaccuracies caused by non-linearities in the relationships
between the NDVI and channels 1 and 2 data and between

the NDVI and biophysical parameters to be derived. The

error in the average resulting from non-linearities in the

channels 1 and 2 versus NDVI relationship is depicted
in figure C.3 as a function of the spread of NDVI values

(standard deviation) within a 1° by 10 cell. Each data

point in figure C.3 was calculated from 128 data points
generated by

(wlrlfli,1 + w2r2fli,2 + w3r3Pi,3)

Pi z (WlP 1 + "t-U2/_2 + //)3/,3) , (C.2)

with r±, ru, r3 = random numbers between 0 and 1; w,,
w2, wa weights that were identical for each set of 128 chan-

nel pairs, but varied among sets to obtain a wide range

of standard deviations (each weight was assigned val-

ues 1,2,5,10,17); (Pv,,,P_,,) = (0.04,0.23); (Pv,2,P,,,u) =
(0.04, 0.05); (P_,3, P_,3) = (0.40, 0.42) representing end-

members for a vegetated surface, a dark background and

a bright background, respectively. For each set, the stan-
dard deviation of the NDVI values and the differences

between the average NDVI and the NDVI of the averages

of the channel pairs were calculated. The relationship be-
tween these as depicted in figure C.3 shows that the error

introduced by averaging as a result of non-linearities in

the NDVI versus channels 1 and 2 relationship is small; a
comparison between figures C.3 and E.6.a shows that this
error will be between -0.005 and +0.015 NDVI for most
cases.

The relationship between the NDVI or simple ratio

(SR) and the fraction of photosynthetically active radi-

ation absorbed by the green vegetation canopy (FPAR),
which is crucial to calculating other biophysical param-

eters, was found to be largely scale-invariant in several

studies (Sellers et al. 1992b, Asrar et al. 1992). Selecting

the average to represent the NDVI ofa 10 by 10 grid cell is
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Figure C.4: (a) Temporal development of statistics of the
normalized difference vegetation index for the Northern Hemi-
sphere land surface over the period of January 1982 to Decem-

ber 1990 (98 percentile, average, and 2 percentile). (b) same
for the Southern Hemisphere.

therefore believed to be an appropriate choice. In highly
heterogeneous areas, the assumptions of scale invariance

and linearity of relationships may not hold. Areas with

high spatial heterogeneity are identified in Appendix C.5.

C.4.1 Discussion of the Global 1 ° by 1 °
NDVI Data

Examples of the global dataset are shown in figures E.4,

E.5, and C.4. Figures E.4.a and E.4.b (February and
August 1987) depict the NDVI for a Northern Hemi-

sphere winter and summer, respectively. In winter, veg-
etation activity is concentrated in the Southern Hemi-

sphere, whereas in summer the vegetation is active in the

Northern Hemisphere and over a much larger area. Also

shown in the winter image are the large areas without

data at high latitudes. Figure E.5.a shows the average

NDVI over the entire period of 9 years, and figure E.5.b

the coeNcient of variation (standard deviation divided by

the mean) over the same period. For calculating the av-

erage and the coefficient of variation, missing values over

the land surface were set to NDVI = 0. The average

NDVI over one season, or multiple seasons as in this case,

was found to be an important parameter for calculating
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primary production of vegetation (Kumar and Monteith

1982 Steven et al. 1983. Goward and Dye 1987). Not
surprisingly, the average NDVI is highest in the tropics,
and in humid mid-latitude areas such as the East coast

and the Pacific Northwest in the United States, western
Europe, and eastern Australia. A belt of intermediate

values more-or-less coincides with the location of boreal

forests in North America and Eurasia. Also notice the

differences in the average NDVI between the Sahara and

the deserts of Australia and North America, reflecting
somewhat higher amounts of vegetation, or possibly dif-

ferences in the composition of the soil background, in the
latter Lwo.

Figure E.5.b shows the coefficient of variation. This

value is low over both tropical forests and deserts, in-
dicating that these areas show little seasonal variation.

Intermediate to high values are found in areas that ex-

hibit higher seasonality and variation in the amount of

vegetation between years tSahel. India, China). High co-

efficients of variation are found in high latitude areas,
with a belt of local minima roughly coinciding with the

extent of the boreal forest Some of the variation at high
latitudes is caused by missing values and the inclusion

of aberrant data (e.g., from high solar zenith angles).
Figure C.4 shows the temporal development of statis-

tics of the NDVI (average, and 2 and 98 percentiles of
the monthly NDVI distributions) over the Northern and

Southern Hemisphere land surfaces. Compared to the

Northern Hemisphere. the variations in seasonality in the

Southern Hemisphere are less pronounced. The very small

variations in the 2_ values indicate that the data were ap-

propriately corrected for sensor degradation. The anoma-

lies in the 2% values during the Northern Hemisphere win-

ters of 1989 and 1990 are caused by incorporating data
from high latitude areas that were not included in the

other years Note that NDVI values are expected to be
decreased as a result of the volcanic eruption of El Chi-

chon (middle of 1982 to about the end of 1983) and as a
result of higher solar zenith angles at the end of the time
of operation of the satellites.

A summary of the magnitude of the errors in the 1°
by 1° NDVI data is given in Table C.3. The estimates of

cloud and atmospheric effects in the 10 by 1° data were

made by analyzing time-series data. Solar zenith angle,
soil background, and terminator effects are assumed to be

spatially correlated, hence compositing, will not diminish

their effect. Viewing angle, eompositing and registration

errors were calculated assuming a spatially random dis-
tribution of errors and 4 clear views per month for each

pixel. The largest errors in this dataset are caused by

cloud contamination, atmospheric attenuation, and so-

lar zenith angle variations. These errors are systematic

and their effect is found over large areas and can persist

over time. Errors that are about an order of magnitude

smaller are caused by remaining variations in viewing an-

gle, soil background, misregistration, compositing, and

resampling. These errors have, in some cases, opposite

signs: errors caused by variations in viewing geometry
are negative or slightly positive; errors as a result of com-

positing are positive, errors in misregistration in combi-

nation with compositing are positive. Because they are
of opposite sign and about equal magnitude, these errors

will, to some extent, cancel each other out. The error

introduced by resampling as a result of the non-linearity
of the NDVI versus channels 1 and 2 relationship can be

both positive or negative. The effect of soil background
is largest for the low end of the range of NDVI values

over the land surface, but is not important for the high
end. The errors resulting fi'om sensor degradation that

remain in the dataset after the adjustment by Los (1993)
and averaging over 10 by 10 are negligible.

C.5 Spatial Degradation

Averaging the high resolution (5 - 8 km) NDVI data to

provide one value representative of the entire 1° by 10 cell
results in a loss of spatial information within the cell. For

areas that exhibit little spatial variability in the NDVI,
averaging will lead to little loss in information. How-

ever, those areas which exhibit high spatial variability or

markedly bimodal distributions in the NDVI are poorly
represented by an average value and may require alterna-

tive procedures to derive meaningful biophysical parame-
ters.

A study was undertaken to identify those areas of high

spatial variability, where resampling to 1° by 1° might
result in a misrepresentation of surface state. It is rec-

ognized that the 8-km source product for the 1 ° by 1 °

dataset is subject to substantial spatial degradation by
onboard sampling and mapping of the data. It is also

recognized that a considerable amount of spatial varia-
tion on the land surface takes place at scales below the

8-km resolution of the global area coverage (GAC) data
(Townshend and Justice 1990).

Figure E.6.a shows the sum of the standard deviations

from each month for 1987 for each 1 ° by 1° cell. This

annual sum of the standard deviations highlights those

cells with consistently high spatial variability throughout

the year. Areas with low spatial variability throughout
the year correspond to hot and cold desert areas. Cells

showing the highest overall variability correspond to the

major mountain chains of the world: the Andes, the Hi-

malayas, the Kunlun Mountains, the Afi'ican Rift Valley,
the Rocky Mountains, and the Alps. These areas show

a considerable variability in vegetation distribution as a

function of elevation anal large variations in illumination

due to relief, but also have a high incidence of cloud and

snow cover which will contribute to the variability in the
NDVI. In addition, areas of persistent cloud cover such as
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m equatorialGuinea.Venezuela.Guyana,andKaliman-
tanexhibitahighoverallvariabilityin theNDVI.Other
areasexhibitinga highoverallspatialvariabilityinclude
cellscontainingmajorriversorwetlandareas,suchasthe
NileValley,thePantanalandtheIndusValley.A further
but minorcategoryofareasof highspatialvariabilityin
the NDVI includesareaswith a mix of landandwater
whichremainafterthecoastalmaskingusingtheWorld
DataBankII. for examplethefjordcoastsof northern
NorwayandTierradelFuegoandtheislandsoftheWest
Indies.Sulawesi.thePhilippines,andtheArcticOcean.

In additionto theoverallspatialvariability,it is im-
portantto recognizethat thespatialvariabilityin veg-
etationdistributionhasvarioustemporalcharacteristics.
FigureE.6.bshowsthestandarddeviationofthemonthly,
spatialstandarddeviationswhichgivesonemeasureof
howthespatialvariabilitychangesthroughtheyear.Ar-
easexhibitingahightemporal varia bility in their spatial

variability include the semi-arid areas of annual grass-

lands at the margins of the world's deserts, e.g., the Sa-

hel and Mongolia. In these areas, vegetative activity is

restricted to two or three months of the year and is highly

variable spatially, being dependent on rainfall, the occur-
rence of inearl surface water, etc It is also worth not-

ing that these areas will most likely exhibit large inter-

annual variability in the NDVI (Figure E.5.b, Prince 1991,

Tucker et al. 1986b, 1991a, b). The high latitudes in the

Northern Hemisphere also have a very short growing sea-
son and show a marked seasonality in the spatial distribu-

tion of the NDVI. For example, the 1° by 1° grid cells in
western Siberia and Alaska show data only two to three

months of the year with a high standard deviation. In

South America, the Cerrado in Brazil also shows a high
seasonal spatial variability.

The above observations of spatial variability within 1°

by 10 cells show those areas where a single average NDVI

value may provide a poor representation of the cell. This

is particularly the case in areas of rugged relief or those

areas exhibiting a strong climatic gradient. It is apparent

that an area of _10,000 km 2 can include a wide range of

vegetation types and conditions. If one wishes to monitor

such areas in the context of climate change studies, then

clearly it is advisable to do so at a much higher spatial

resolution than offered by this 10 by 1° dataset. The

study also shows that the spatial characteristics of a cell

can vary through one year of observations.

Previous research has demonstrated that at 1 ° by 1°

spatial resolution it is possible to capture the broad pat-

terns of global vegetation and that at this scale climate

appears to be the major factor in vegetation patterns

(Justice el al. 1991b). Our 10 by 1° dataset is designed

specifically for use at the scale of current global climate
models. Future analyses will have to overcome the prob-

lems of scaling up over such large areas, possibly through

a process of aggregation from higher resolution analyses.

C.6. DISCUSSION

C.6 Discussion

The GIMMS NDVI dataset satisfies the requirements of

internal consistency and sufficient spatial and temporal

resolution to quantitatively derive biophysical parameters

for use in GCMs. Compared to landcover classifications

previously used to derive global parameter fields for use in

GCMs, much was gained because the spatial and tempo-
ral patterns are more closely reflected by the NDVI data.

Figures C.5._C.5.1 illustrate these points. In these fig-
ures the temporal development of NDVI statistics in the

Northern Hemisphere for 1987 is shown for the 12 land-

cover classes used by Dorman and Sellers (1989). For two

vegetation types (figures C.5.h and i), data for the winter
months are not shown because they are few and for the

most part suspect. Note that, except for class 12, Dot-

man and Sellers assigned the same biophysical properties
to an entire class. The NDVI statistics for the months of

1987, the 5 and 95 percentiles, the average and the average

plus or minus the standard deviation, do reflect within-

class variation for all classes in figure C.5, except for the

bare soil class. Also shown are variations in the timing of

the start of the growing season for low and high ranges

of NDVI; see for example the distributions for deeidu-

ous forest with evergreens (figure C.5.c), the sub-tropical

drought-deciduous woodland (figure C.5.f), and the grass-

lands with shrub cover (figure C.5.g). Examples of vari-

ations in the spatial distribution of the data are found in

figures E.4 and E.5 (e.g., the gradient between the Sahara
and the equatorial forest, and presence of elevated values

along large rivers in semi-arid areas).

Although it seems fair to say that the dataset repre-

sents an improvement in the description of global vegeta-
tion dynamics, it has problems that need to be addressed

to obtain more reliable estimates of biophysical parame-

ters. The most significant inconsistencies in the data are
caused by persistent cloud cover, atmospheric perturba-

tions, elimination of data with low surface temperature

and solar zenith angle effect. The adjustment of these

errors is discussed in a companion paper by Sellers el al.

(1996b; Chapter 5, Appendix D). Other errors are effec-

tively dealt with by processing the data and they are of

minor importance. These are errors that remain after the

adjustment for sensor degradation, compositing, off-nadir

viewing, and soil background reflective properties, or er-

rors that are introduced by resampling the data over 1°

by 1° .

Errors caused by cloud contamination, atmospheric

attenuation, and solar zenith angle can be large and may

lead to underestimation of biophysical parameter values.

For example, if we assume a tropical forest with a top-

of-the-atmosphere NDVI of 0.6 throughout the year and
the combined effect of clouds and atmosphere to be -0.2

NDVI, and we attempt to calculate primary production

(P) using (Kumar and Monteith 1982, Prince 1991),

119



APPENDIX C. A GLOBAL i o BY 10 NDVI DATASET FOR CLIMATE STUDIES

oa
d

¢o
d

go
z

d

o
c_

co
d

_o
,5

z cJ
c5

o
d

m
d

_o
<5

z c_
d

o
d

go

EvergreenBroadJeaf 2 TemperateEvergreenSeasonalBroadleaf 3. Cold dec dueusIorestwith evergreens

(a)

=-:-__x.:__..2.}._-}-2-772-7/27---=-=-_-7_

2 d 6 8 10 12

Month

4 Evergreenneed]eleafforest

(d)

_;" _-_--_2-L " _'_ _ \"_'( 2-2

2 4 6 8 10 12

Month

7. Grasslandandshrub _ver

(g)

2 4 6 8 10 12

Month

1o. Tundra

(J)

/ .. -..\
1.," "-.\

/ ,. -..

.- / \

ft.
d

o

d (e)

co
c5 ,

d

m
d

d

_ d

o
d

o

(b)

2 a 6 8 10 12

Month

5 cc _ deeeueusneemelea_

/,,' ""5
/,, ',\

// ',\

. _ ,'1 \ -,...-

/

2 4 6 8 10 12

Month

8 Evergreenbroadleavedwoodland,winterrain

(h)

........ 7_.22-----7------.7_2::_. _
Z_C/-2 ................... ...

2 4 6 8 10 12

Month

11.No vegetation,bare soil

(k)

(c)

>o

o S: ===:''-''- "L'_..

2 4 6 8 10 12

Month

6. (Sub)trop_1droughtdeciduouswoodland

(f) ........

>o
=o"

2 4 6 8 10 12

Month

9 Evergreenbreadleafshmbland

oo

(i)
_o
d

o
,:5

2 4 6 8 10 12

Month

12 Agriculture

Go
d

d

d

{5

o
_5

(0

. - 7.L;-::-:::--..;:.7 -.

:_;.-Z.7.

2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12

Month Month Month

Figure C.5: Normalized difference vegetation index time-series for the 12 landcover classes (a to 1) used by Dorman

and Sellers (1989). Dotted line = 5%, dashed line = average - standard deviation, solid line = average, dashed line =

average + standard deviation, dotted line = 95%.

C.7 Conclusion

P cv ENDVI* PAR, (C.3)

which assumes NDVI measurements on the ground, we
will obtain an error of -25%. Similarly, if we use the

same model over a desert, we may obtain a small value

for primary production, where there in fact is none. One

way to avoid this type of problem is to scale the data to

a maximum and minimum NDVI value, and then relate
these to known maximum and minimum values of bio-

physical parameters (see Sellers et al. 1996b, Chapter 5,

Appendix D).

The global 1° by 1° NDVI dataset contains useful infor-

mation on the temporal and spatial distribution of veg-

etation. Biophysical parameters that are derived from

these data will therefore in principle reflect more closely

the temporal and spatial variations of vegetation than

those previously derived from in situ observations and
landcover classifications. A limitation to the NDVI data

is the presence of suspect data, generally with decreased

values, that are due to persistent cloud cover, atmospheric

attenuation, solar zenith angle variations, and missing

data. The magnitude of inconsistencies in the dataset
can be as large as -0.1 to -0.2 NDVI units. Other effects

in the NDVI, caused by viewing geometry, misregistra-

tion, sensor degradation, and non-linearities in the NDVI
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C. 7. CONCLUSION

and channels 1 and 2 relationships, are effectively reduced

during processing, mainly by compositing and adjusting

for sensor degradation. These deviations are estimated

to be an order of magnitude smaller and are further re-

duced after spatial averaging of the continental data over

the 1° by 1° grid. Variations in NDVI caused by the soil

background are not accounted for. but these effects will

be important to the low range of NDVI values only.

Regarding scaling, the 1° by 1° resolution seems a
reasonable compromise between minimizing the amount

of data for use in GCMs and retaining enough spatial de-

tail to address the dynamics of vegetation. The current

resolution that is used by the SiB-GCM is 40 by 5°. but

it is to be expected that future runs will employ higher

resolution data as fine as 1° by 1°. At 4° by 5o resolution

the principal vegetation patterns can be discerned: how-

ever. it is clear that changes in small areas, for example

around desert margins, will be undetectable.

The dataset presented in this paper should be viewed

as a basis for specifying tandsurface boundary conditions

in GCMs. Future global products should retain informa-

tion on individual channels and viewing geometry, should

have advanced ways to correct for atmospheric scattering

and absorption, and better ways to identify and eliminate
clouds.
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Appendix D

The Generation of Global Fields of

Terrestrial Biophysical Parameters
Satellite Data

From

Slightly revised from publication by P.J. Sellers, S.O. Los,

C.J. Tucker, C.O. Justice, D.A. Dazlich, G.J. Collatz, and D.A.

Randall, 1996, A revised landsurface parameterization (SiB2) for
atmospheric GCMs. Part :2: The generation of global fields of

terrestrial biophysical parameters from satellite data, J. Climate,
9, 706-737.

Abstract

The global parameter fields used in the revised Simple Bio-

sphere Model (SiB2) of Sellers et al. (1996a) are reviewed.

The most important innovation over the earlier SiB1 parame-

ter set of Dorman and Sellers (1989) is the use of satellite data

to specify the time-varying phenological properties of FPAR,

leaf area index, and canopy greenness fraction. This was done

by processing a monthly 1° by 10 normalized difference veg-

etation index (NDVI) dataset obtained from Advanced Very

High Resolution Radiometer (AVHRR) red and near-infrared

data. Corrections were applied to the source NDVI dataset to

account for (i) obvious anomalies in the data time-series, (ii)

the effect of variations in solar zenith angle, (iii) data dropouts

in cold regions where a temperature threshold procedure de-

signed to screen for clouds also eliminated cold landsurfaee

points, and (iv) persistent cloud cover in the tropics. An out-

line of the procedures for calculating the landsurface parame-

ters fl'om the corrected NDVI dataset is given, and a brief de-

scription of source material is provided, mainly derived from

in situ observations, that was used in addition to the NDVI

data. The datasets summarized in this paper should be supe-

rior to prescriptions currently used in most landsurface param-

eterizations in that the spatial and temporal dynamics of key

landsurface parameters, in particular those related to vegeta-

tion, are obtained directly from a consistent set of global-scale

observations instead of being inferred from a variety of survey-
based landcover classifications.

D.1 Introduction

The last decade has seen significant progress in the de-

velopment of landsurface parameterizations (LSPs) for

use within general circulation models of the atmosphere

(GCMs). Dickinson (1984) and Sellers et al. (1986) de-

signed and implemented LSPs based on biophysical prin-

ciples and showed that their implementation in GCMs

resulted in improved simulation of the continental fields

of absorbed radiation, evapotranspiration, and precipita-

tion (Sato ct al. 1989).

The first generation of biophysical LSPs, the Bio-

sphere Atmosphere Transfer Scheme (BATS) of Dickinson

(1984), and the Simple Biosphere model (SiB) of Sellers

et al. (1986), were designed to provide improved esti-

mates of the exchanges of radiation, moisture, sensible

heat, and momentum between the land surface and the

atmosphere. The important parameters governing these

exchanges are the albedo (radiative transfer), the rough-

ness length (momentum transfer and turbulent exchange

of heat and moisture), and the surface resistance (control

of moisture flux from the vegetation and soil to the air).

The surface resistance replaces the moisture availability

functions used in earlier LSPs, see for example Budyko

(1974). All GCMs require specification of these parame-

ters or related quantities as time-series global fields. Un-

til the mid - 1980s, these were arbitrarily prescribed as

independent boundary conditions, or by using numbers

inferred from field measurements. Dickinson (1984) and

Sellers et al. (1986) developed sub-models for LSPs which

calculated these parameters from knowledge of a few vege-

tation and soil quantities that could be directly measured

or easily attributed to specific vegetation types (Table

D.1). To obtain global fields for these parameters, the

world's landcover types as defined by Kuchler (1983) and

Matthews (1983) were lumped into twelve classes (Table

D.2), each of which was assigned values for the quantities

listed in Table D. 1 based on an extensive survey of the eco-

logical literature (Klink and Willmott 1985). The global

distribution of landsurface parameters was obtained by

combining Table D.1 with Table D.2. This was a difficult
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and inexact task in the case of the phenological parame-
ters of leaf area index and canopy greenness fraction which

are essential for calculating the desired parameters. Dot-

man and Sellers (1989) used this approach for the original
version of SiB, hereafter referred to as SiB1, to calculate

a global climatology of albedo, roughness length, and sto-
rental resistance.

SiB1 has since been modified to include a more re-

alistic model of leaf photosynthesis and conductance as

proposed by Collatz et al: (1991, 1992). This leaf-scale

model Was analytically integrated to describe canopy con-

ductance and photosynthesis as a function of physiolog-
ical properties (specified for each vegetation type as in

Table D.1), environmental conditions (provided by the
GCM), and the canopy photosynthetically active radia-
tion (PAR) use parameter, II, which is defined as the

fraction of photosynthetically active radiation absorbed

by the green canopy (FPAR) divided by the mean canopy

PAR dxtinction coefficient, k: II = FPAR/k (Sellers et al.

1992a, Sellers et al. 1996a). SiB2 requires definition of

global time-varying fields of FPAR, total leaf area index,
LT, and canopy greenness fraction, N, which are of course

closely related, to calculate the carbon assimilation rate

or gross photosynthesis in addition to the fluxes of radi-

ation, heat, moisture, and momentmn. This task could

be carried out using the methods described in Dorman

and Sellers (1989). However, it is difficult to place nmch

confidence in the accuracy of these survey-derived fields
because of the large variations within landcover classes

in the spatial and temporal patterns of FPAR, LT, and

canopy greenness fraction, N. To do better, we must
make use of satellite data which alone can provide us with

a continuous, consistent, global view of the world's vege-
tation.

This paper outlines a procedure for calculating global
monthly fields of FPAR from the satellite-derived normal-

ized difference vegetation index (NDVI) dataset by Los

et al. (1994). A number of steps are involved in moving
fi'om the source NDVI dataset to FPAR and then to the

required values of albedo (obtained from spectral hemi-

spheric reflectances, aa,_), roughness length, (z0) and
canopy conductance, (g_). In summary,

1, Simple corrections were applied to the 1° by 1°
source NDVI data to account for anomalies in the

seasonal time-series, solar zenith angle effects, data

dropouts, and persistent cloud cover. The resulting
product is called the Fourier Adjusted, Solar zenith

angle corrected, Interpolated, and Reconstructed
(FASIR)-NDVI and is described in detail in sections
D.3.1 and D.4.

2. The FASIR-NDVI fields were combined with a land-

cover classification to derive fields of FPAR. These

were analyzed in turn to calculate total leaf area

index, LT, and canopy greenness fraction, N; see
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Figure D.I: Variation of visible (av ) and near-infrared (NIR)
(aN) reflectance, simple ratio (SR) and fraction of photosyn-
thetically active radiation absorbed by the green part of vegeta-
tion (FPAR), with leaf area index. (Green canopy, horizontal
leaves; from Sellers et al. 1992a).

section D.5.

. The fields of LT and N were used to calculate

hemispheric surface reflectances, aa,_, and rough-
ness length, z0, using simple models; see section

D.6. FPAR itself is used directly in SiB2 to cal-

culate canopy photosynthesis, A_, and conductance,
9_, and hence the surface energy balance; see section

D.6 and Sellers et al. (1992a).

The satellite data are thus used to specify monthly
values of FPAR, leaf area index, and canopy greenness

fraction for each 1° by 1° grid area. Additional vegetation

and soil parameters are required to further interpret these

quantities into higher order parameters (albedo, rough-
ness length, canopy conductance) and also for direct use

in the LSP-GCM. These non-satellite-derived parameters

are specified from literature sources in much the same way

as was done in Dorman and Sellers (1989).

A paper by Sellers et al. (1996a) describes the for-

mulation of SiB2 in full, and a paper by Randall et al.

(1996) describes the performance of SiB2 within a GCM.

D.2 Theoretical Background

The complete formulation of SiB2 is set out in Sellers

et al. (1996a) and papers referenced from it. For the

purpose of illustration, a brief summary of the governing
equations is presented below in order to show the role of

the principal surface parameters in the energy and heat

balance. The total surface energy balance is given by
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Table D.I: Summary of parameters used by SiB1 and SiB2 sub-models. Note how some parameters are common to more than

one sub-model, ensuring consistency among the derived fields of albedo, roughness, and energy fluxes. Time-varying parameters
are denoted by asterisk. (Note that N is used to define daily mean leaf optical properties by weighting 'live' and 'dead' values

held in the input parameter set). The same parameter categories apply to SiB2, except that only root depth is assigned for the
category 'root physiology, morphology.' In SiB1 and SiB2, total leaf area index, LT, and the canopy greenness fraction, N, vary
seasonally. In SiB1, all vegetation of the same class in the same hemisphere has the same physiology, except for wheat where

a simple latitudinal dependence is included; see Dorman and Sellers (1989). In SiB2, LT and N are defined by vegetation type
and satellite data and so vary temporally and spatially within vegetation classes.

Radiative Momentum Stomatal

Transfer Transfer Resistance
Leaf Area Index, LT X X

Canopy greenness fraction, N X

Leaf angle distribution function, G(p) X X
Cover fraction, V X X

Leaf optical properties X

Soil optical properties X

Canopy top and base heights X

Leaf dimension X

Leaf physiological properties

X

X

X

X

X

X

Root physiology, morphology,
Soil physical properties

X

X

with

R_-G = AE+Z, (o.1)

/_n = net radiation, W m -2,
G = ground heat flux, W m -2,

AE = latent heat flux, Wm -2,

H = sensible heat flux, W m -2.

D.2.1 Albedo

The net radiation, R_, is given by

with

FA,, ;
A

P

aA,#
C

Fr,d 4

_0 4.0it n] [7r/2

do FA,U $ (1 -- a&u)d#dA

+_(FT,_ ; -_T¢), (D.2)

= incoming radiation flux, W m -2,

= (subscript) wavelength interval, #m,

= (subscript) cosine of angle of incident
radiation,

= surface hemispheric reflectance,
= emissivity _ 1.0,

= incident thermal infrared radiation (TIR),
(assumed to be all diffuse), W m -2,

T = (subscript) thermal wavelength interval,
d = (subscript) diffuse radiation,

cr = Stefan-Boltzman constant, W m-2K -1,

T_ = surface temperature, K.

In SiB2, the vegetation cover is 'bulked' into a single
layer overlying the soil rather than two layers as used in
SiB1. A two-stream approximation model is used to cal-

culate hemispherical surface reflectances for incident di-

rect and diffuse visible and near-infrared (NIR) radiation

(Sellers 1985). The functions of aA,, in (D.2) are there-

fore divided into four reflectances (visible-direct, visible-

diffuse, NIR-direct, and NIR-diffuse), with the spectral

division between visible and NIR wavebands specified at

0.7 pm, which corresponds to the abrupt change in leaf
and chlorophyll optical properties. Dorman and Sellers

(1989) presented evidence that the calculation of surface

reflectances by this method gave results that compare well

with field observations in areas of moderate to dense veg-
etation cover. In semi-arid and desert areas, the results

were not so good because a single set of soil background

reflectances was assigned to all arid areas in the world;
this is unrealistic (Harrison et al. 1990).

Generally speaking, absolute errors or uncertainties

in the albedo translate almost directly into errors in the

calculation of net radiation and the heat fluxes of (D.1).
This is because the surface net shortwave flux is around

five times as large, although of opposite sign, as the net

longwave flux (Sato et al. 1989, Table D.1).

The calculated reflectances and albedo of (D.2) are
functions of the surface radiative transfer properties spec-
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ified in Table D.1. Of these properties, the leaf spectral

characteristics (live and dead) and the leaf angle distri-

bution function can be assigned using published values;

within vegetation classes, these parameters do not vary

widely temporally or spatially, except when the vegeta-

tion is senescent. Soil reflectance usually plays a lesser
role in the Mbedo of vegetated areas, but in arid areas

it must be specified from direct observations. The ma-

jor uncertainty in determining albedo by this method is

therefore related to the amount and greenness of the veg-
etation cover.

Sellers (1987) explored the dependence of canopy re-

flectance on leaf area index and spectral properties using
the two-stream model. It was shown that for a continu-

ous canopy of horizontal leaves, for a specified wavelength
interval,

where

w 1-A

a = 2 (P, - &A )' (D.3)
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Figure D.2: Dependence of unstressed surface conductance
(go* = 1/r_*) on green leaf area index (from Sellers et al.
1992a).

a = surface reflectance,

A = (P1 - 7)e_2horr ,
co = leaf scattering coefficient,

P1 = 1-w/2 + ha,

P_ = 1- co/2 - ha,
h_ = (1 - co)l/_ extinction coefficient for diffuse

radiation,
7 = co/2as,

as = soil reflectance.

Similar expressions were derived for spherical and other

leaf angle distributions. In (D.3), we see that reflectance

depends strongly on the e -2haLT term, where 2ha is

around 1.8 for visible radiation and 0.5 for NIR. In prac-
tice, most soil reflectances are fairly dark so the total
albedo is weakly dependent on variations in the visible

reflectance and more strongly dependent on the NIR con-

tribution (figure E.9). Clearly, arid zones with bright soil

backgrounds are the exception to this generalization, but

the numerical consequences of applying this assumption

do not seem to be serious (see later discussion, section
D.9).

D.2.2 Surface Roughness

Turbulent exchange between the surface and the atmos-

phere determines not only the locM-scale transfer of mo-

mentum, but also the transport of sensible and latent

heat away from the surface. The details of the SiB2

aerodynamic transfer model are written up in Sellers et

al. (1996a). Here we summarize the relationships be-

tween shear stress, aerodynamic resistance, and roughness
length. Under neutral conditions

Um

r = p--, (D.4)
'Pa

where

r = shear stress, kg m -1 s -2,

p = air density, kg m -3,

u,_ = wind speed at reference height, m s-l,

ra = aerodynamic resistance for momentum,

transfer, s m -1,

with

_a ![! -=um k log d]2 (D.5)
z0

k = von Karman's constant ..o 0.41,

z_ = reference height, m,

d = zero plane displacement, m,

z0 = roughness length, m.

In (D.4) and (D.5) we see that r and ra are related to

the natural logarithm of z0. The SiB2 turbulent transfer

sub-model calculates values of z0 and d from the list of

parameters shown in Tables D.1 and D.7 and yields a very

weak exponential dependence on leaf area index (figure

D.5). Over the normal range of leaf area index, i.e., 0.5 <
LT < 5.0, a simple expression can be plotted to the results

of Sellers et al. (1989) to yield
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with

z2 -- canopy height, m
bz _ 0.91

hz -_ 0.0075.
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Figure D.3: Relationship between simple ratio vegetation in-
dex {SR) and FPAR for the Firsts ISLSCP2Field Experi-

ment(FIFE) study area (redrawn fl'om Hall et al. 1992). The
SR data were taken from atmospherically corrected satellite
and helicopter data. The FPAR data were made from light bar
observations (green FPAR only), The line is a simulation pro-
duced by the Scattering from Arbitrairy Inclined Leaves (SAIL)
model (Hall et al. 1992).

D.2.3 Photosynthesis and Evapotranspi-
ration

The details of the formulation used to calculate coupled
photosynthesis and transpiration are presented in Sell-

ers et al. (1992a, 1996a). The model calculates canopy

photosynthesis and conductance as the product of three
terms:

dc

[ Vm_x0, F,_0 $ ][ B1 "" B4 ][ 1I ](D.7)

with

[ Vm xo, ][ "1 ' ][ n ](D.S)

dc

9c

Vmaxo

= canopy photosynthetic rate,

mol m -2 s -1,

= canopy conductance, in s -1,

= maximum leaf catalytic (Rubisco)

capacity for green sun leaves,

D.2. THEORETICAL BACKGROUND

B1 - • • B6

1I

n]ol [1]--2 S--1,

- incident radiant flux of photosyntheti-

cally active (visible, 0.4 - 0.7 # m)
radiation, W m -2,

- environmental stress factors dependent
on _emperature, relative humidity, and

soil moisture,

= canopy PAR use parameter.

The two left-hand terms of (D.7, D.8) are depen-

dent on the vegetation physiology (Vmax0), the incident

flux of PAR (F_0), and local environmental conditions

(B1 --B6); see Sellers et al. (1992a, 1996a).

The vegetation physiological parameters and the co-

efficients governing B1 and B6 were obtained from pub-
lished values, see Tables D.4 and D.5 and Sellers et al.

(1996a). The crucial surface parameter in (D.7, D.8) is

the canopy PAR use parameter, 1I, which specifies the

amount of green vegetation present; it varies from 0 (no

vegetation) to around 1.5 (dense, green vegetation) (Sell-
ers et al. 1992 a).

where

FPAR

1I _ _ , (D.9)

FPAR = fraction of PAR absorbed by the green

vegetation canopy,

= time-mean (radiation-weighted) extinction
coefficient for PAR.

FPAR can be approximated by

FPAR = VN(1 - e--kLT/V),

with

(D.IO)

V = vegetation cover fraction,

N = canopy greenness fraction (equation D.29),
LT = total leaf area index.

The conductance, gc, given by (D.8) is used to calculate
the canopy transpiration rate in SiB2. For a dry canopy

with negligible energy fluxes to or from the soil, the SiB2

formulation approaches the Penman-Monteith equation

AE = A(/_,_ - G) + pcpa_/r_ (D.11)
A + 7(r_ + r_)/r_ '

with

A = slope of the saturated vapor pressure versus

temperature curve, Pa K- 1,
7 = psychrometric constant, PaK -1,

5_ = vapor pressure deficit at z,_, Pa

= _*(T_) - _,
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T_

e*(_)

_'a

rc

= air temperature at zm, K,

= vapor pressure at zm, Pa,

= saturated vapor pressure at temperature
Tm, Pa,

= aerodynamic resistance for heat and water
vapor, S ill -1,

---- canopy resistance, s m -1
= i/gc.

In (D.11) the aerodynamic resistance for heat and wa-

ter vapor, ra, is closely related to r_ for momentum in

(D.4); the value of z0 for heat and water vapor transport

is smaller than that for momentum (Sellers et al. 1986).
Under normal daytime conditions, the numerator of

(D.11)--the evaporative demand--holds a moderate or

high value. The evaporation rate is then largely regulated
by the surface resistance, r_., which is typically 5 or more

times as large as ra for most natural vegetation covers

(figure D.2 and Sato et al. 1989; Sellers et al. 1992a),

D.2.4 Deriving Surface Parameters From
Satellite Data

Equations (D.2), (D.4), (D.7), (D.8), and (D.11) define

the fluxes of radiation (albedo), momentum (roughness

length), photosynthesis, and evapotranspiration (bio-

physical control of gas exchange and surface heat fluxes),
respectively. It should be noted that the governing pa-

rameters a, z0, and FPAR are not linearly related to total
leaf area index, but to its exponent, such that

Albedo, a, o( e -2h"LT/V, V, N,
Roughness length, zo, o( e -h_LT/V, V,

FPAR, o( e -gz_/v, VN,

where ha, h_, and k are extinction coefficients and N is

the canopy greenness fraction. The extinction coefficients

2h, and k vary around 0.5 for green vegetation (h_ is small

and for practical purposes z0 is dependent on vegetation

height to first order and only weakly on leaf area index).

Thus we see that the transfers of radiation and mass (H20
and CO2) are sensitive to leaf area index at low values

of LT and reach a saturation lavel at high values of LT
because of an asymptoticM increase with LT.

Sellers et al. (1992a) built on work by Dickinson

(1983), Asrar et al. (1984), Sellers (1985, 1987), HM1 el

al. (1990), and Myneni et al. (1992) on remote sensing of

vegetation; and on work by Farquhar et al. (1980), Ball
(1988), and Collatz et al. (1991) on plant physiology, to

derive the relations between photosynthesis, conductance,
and FPAR shown in (D.7, D.8), and also between FPAR
and sSellite-derived surface reflectances discussed below.

Two remotely-sensed vegetation indices are in com-
mon use, defined here as

with

SR = a_NN
av

aN -- avNDVI =
aN + av '

(D.12)

SR = simple ratio,

NDVI = normalized difference vegetation index,

av, aN = hemispheric reflectances, or radiances, for

visible and NIR wavelength intervals

respectively (sensor dependent).

In the theoretical treatment of Sellers et al. (1992a),
av and aN are taken as above-canopy reflectances, i.e.,

the effects of atmospheric absorption and scattering were
ignored. In this paper, av and aN are replaced by radi-

ances normalized for incoming solar radiation as observed
by a satellite sensor.

Sellers (1987) used a two-stream model to show that

for idealized conditions--uniform green canopy, dark un-
derlying surface--the spectral vegetation indices should

be proportional to the NIR reflectance, aN, and to FPAR.

It was shown that this useful relationship holds because

the broad-band leaf scattering coefficients in the visible

(Wv _ 0.2) and the NIR (WN _--0.95) are such that

CgaN 0FPAR

OLd oc 7-- for all values of LT. (D.la)

Equation (D.13) holds because the extinction coefficient

tbr PAR flux or visible radiation (k) is roughly double the

extinction coefficient for diffuse NIR flux (hN) within the
canopy, or

k __ 2hN, (D.14)

which may be re-expressed as

a(/t_)(1 - 0ov) 1/2 = 2(1 - o2N)1/2, (D.15)
#

where

G(#) = relative projected area of leaves in direction,
cos- 1 _t

# = cosine of solar zenith angle.

Simply put, equations (D.13), (D.14), and (D.15) hold
because the near-infrared reflectance, aN, which drives

the SR and NDVI under most conditions, is proportional

to double the pathlength of NIR radiation in the canopy
(e-2h_Lr/V), as this radiation must enter, interact, and

leave the canopy, while FPAR is proportional to only the

one-way penetration and absorption of PAR through the
canopy (e-kLT/V). The two parameters, aN and FPAR,

vary with each other if equations (D.14) and (D.15) are
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approximatelysatisfied.Forc0v= 0.2andWN = 0.95,

equation (D.15) is exactly satisfied when G(p)/# = 0.5,

i.e., a canopy of random leaf orientation exposed to a

near-nadir solar flux. In practice, G(p)/p usually lies be-

tween 0.5 and 1.0, and WN is somewhat lower, so equation
D.15 is still approximately satisfied.

If the soil or background material is relatively dark,
so that

_av
o,

OLT

SR will be mainly dependent on aN, so

0(sa) OaN
(>17)

OLT OLT '

it follows then that FPAR is proportional to SR (figure
D.3).

The set of relationships set out in (D.13) through
(D.17) applies to the case of a horizontally homogeneous

canopy overlying a dark soil. Hall et al. (1990) carried
out a parallel analysis on the case of clumped vegeta-

tion and again found that FPAR and a spectral vegeta-

tion index (SVI) were usually near-linearly related. In

Sellers et al. (1992a), these two findings were examined

and it was shown that while SVI o( LT relationships may

vary widely between vegetation morphologies, the rela-

tionships between SVI, FPAR, A_, g_, and albedo should
be more conservative.

Lastly, Sellers et al. (1992a) posited that because the
relationships SVI --+ FPAR --+ and non-stressed values of

Ao, g_ were approximately linear they should be largely

scale-invariant. This means that to first order, spatial av-

erages of SVI can theoretically be used to calculate spatial
integrals of A_ and g_. This should be true whether one

considers a canopy varying in depth, a canopy varying in
cover fraction, or a canopy which does both. This find-

ing, which is partially supported by the analysis of FIFE

data in Sellers et al. (1992b), is immensely useful in that
it supports our use of coarse resolution satellite SVI for

the calculation of GCM grid scale surface parameters and
fluxes.

It should be remembered that the analysis described

above and a large body of experimental evidence, see for

example Hall et al. (1992), relate the SVI to the live green

material in the canopy, NLT, rather than the total (living
plus non-living) leaf area index, LT.

D.3 Datasets

D.3.1 The Global 1 ° by 1 ° NDVI Dataset

One year of data (1987) of the global 1° by 1°

monthly composited normalized difference vegetation in-

dex (NDVI) dataset discussed by Los et al. (1994) was

D.3. DATASETS

used to quantify both the spatial and temporal variability

of landsurface parameters at monthly intervals, in partic-

ular those related to vegetation. This 1° by 10 NDVI

dataset was calculated from the first generation Global

Inventory, Monitoring, and Modeling System (GIMMS)
continental NDVI datasets, which are based on Global

Area Coverage (GAC) data (5 by5 km) collected by

channels 1 (red) and 2 (infrared) of the Advanced Very

High Resolution Radiometer (AVHRR) on board the Na-

tional Oceanic and Atmospheric Administration (NOAA)
environmental satellites. These datasets were initiated by

Tucker et al. (1986) specifically for landsurface studies.

Properties of the NOAA-AVHRR satellite-sensor sys-
tem, such as the polar orbit of the satellite, the short

interval between subsequent orbits and the wide viewing
angles, allow for data collection of the entire Earth at

almost daily intervals. For studies of the land surface,
the objective is to compose cloud-free 'clear' views of the

surface, eliminating cloud-contaminated or otherwise du-

bious data. In most regions, the true temporal coverage

of the land surface by AVHRR data is severely reduced
by cloud cover obscuring the Earth. Further limitations

to the data are caused by scattering (molecules, aerosols)

and absorption (ozone, water vapor) of radiation in the

atmosphere, variations in the sensor viewing angle and
illumination geometry, sensor degradation in channels 1

and 2 of the AVHRR, and variations in bidirectional re-

flectance properties of the Earth's surface (Holben 1986,

Los et al. 1994). Several steps are included in the pro-
cessing of the continental NDVI dataset to eliminate erro-

neous data and to reduce the effects of atmosphere, cloud

remnants, and off-nadir viewing. A short description and

an evaluation of the most important data processing steps
are given below, more detailed discussions are provided in

Holben (1986) and Los et al. (1994).

High and medium altitude clouds were identified

and eliminated by the brightness temperature in
AVHRR channel 5 with a threshold of 288 K

for Africa and 273 K for other continents. This

temperature-based threshold does not eliminate

data from warm clouds or sub-pixel size clouds. In

addition, data from areas with surface temperatures

less than 273K were eliminated, resulting in missing
data for high latitudes in the Northern Hemisphere
during winter;

2. The outer 45 pixels on either side of a scan, cor-

responding to scan angles of about 42 o or greater,

were eliminated to avoid large variations in the data

as a result of illumination and viewing geometry.

Effects of increased atmospheric path lengths and
surface bidirectional reflectance distribution func-

tion (BRDF) effects as a result of larger solar zenith
angles were not eliminated by this cut-off;
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3. A preflight calibration of channels 1 and 2 data

as specified by NOAA (Kidwell 1995) was applied.
This preflight calibration includes a normalization

m each band for the intensity of incoming solar ra-
diation:

4. The NDVI was calculated from the selected chan-

nels 1 and 2 reflectance values and mapped by con-
tinent on a stereographic projection. Because of

limitations in data storage and processing capacity,
no information on individual channel data was re-
tained:

5. The maximum NDVI value for each month was se-

lected for each pixel to obtain monthly maximum

value composites. Because atmospheric scattering,
absorption, and clouds all act to reduce the NDVI.

selecting maximum values increases the contribu-

tion of data collected under cloud-free, clear sky

conditions tHolben 1986). In the case of persistent

cloud or other atmospheric effects, spurious data

remain: e.g., Eck and Kalb (1991) reported on the
presence of cloud-contaminated data not eliminated

by either the temperature threshold or composiring

technique in this dataset: Justice et al. (1991a) re-
ported decreased NDVI values in the Sahel at the

start of the growing season due to the movement of

large humid air masses into the region, associated

with the migration of the intertropical convergence
zone (ITCZ); and Tucker and Matson (1985_ and
Vermote et al. (1994) described the effect of atmos-

pheric aerosols on the NDVI after the eruptions of

E1 Chichdn and Mr. Pinatubo. respectively. Max-

1mum value compositing tends to favor selection of

data from the forward-scatter direction (100 in the

forward-scatter direct ion on average with 50% of the
data between around 10 ° in the baekscatter direc-

tion and 30 ° in the forward-scatter direction: see

Gutman 1991) instead of near-nadir views as was

previously assumed tHolben 1986). However. after

averagmg the NDVI data to 1 ° by 1° degree the

variation in the NDVI as a result of view angle ef-
fects is likely to be smalh

The effect of sensor degradation in AVHRlq chan-

nels 1 and 2 on the NDVI was accounted for by an
approximation developed by Los (1993). It is esti-

mated that this approximation reduces biases be-

tween data segments taken at different times to less
than 0.002 units of NDVI:

7. The continental datasets are resampled by averag-
ing the pixels over 1° by 1° . Surface water and

missing values are excluded fl'om the averaging pro-
cedure. Averaging reduces the impact of random
errors and in part cancels the effect of minor errors

with opposite signs. Minor errors may be produced
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Figure D.4: Steps in the adjustment of NDV[ time-series with

robust least squares fitting of Fourier series (see items 1-6 in
section D.4) (a) NDVI time-serzes with _ missing values and
one outlier. (b; D.4.1/ Missing values are substituted with
ND V[ - 0 prior to fitting of the Fourier series. Note that the
original value for July is inconsistent with the rest of the time-
series. (c: D.4.2! Curve consisting of the first three harmonics
[average, annual, hi-annual cycle/fitted through the data with
least squares (equation D.19]. /d: D.4.3) Weights calculated by
comparing the fitted curve with the original data points. Val-

ues above the curve are assumed _'eliable (weights > 1), values
below the curve are assumed spurious /weights < 1; equation
D.20). [e; D._./t) Curve calculated with least squares using the
weights under ('d) Note that points at months 3,5,7,and 9 are

left out of the fitting procedure [equation D.21). (f; D._.5, 6)
Comparison of a newly calculated value against the original
value and its four nearest neighbors to avoid overestimation.

Sequences of more than three missing values in the original
data are set to missing values. These missing values are dealt

with at a later stage in the FASIR procedures (sections D.4.2
and D.4.3 I.

from a positive bias in the NDVI due to composit-
ing, variations in the NDVI caused by the spectral

properties of the soil background, NDVI dependence

on view angle, and the effects of inaccuracies in reg-
istration and mapping of AVHRt{ data. These er-

rors are thought to be relatively small and in any
case. are impossible to account for without access

to the component AVHRR channels 1 and 2 data.

An estimate of the magnitude of errors in the 10 by
1° NDVI data is given in Los et al. (1994).
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D.3. DATASETS

Table D.2:SiB2 vegetation classification derived from the Matthews (1983, 1984) and Kuchler (1983) landcover datasets. The

new SiB2 vegetation assignments (in column headed 'Landcover type') used at the 4 ° by 5 ° resolution are shown together with the

original SiB class identifiers (1 through 12; in parentheses in column headed "Landcover type") used at the 10 by 10 resolution.

Note that as SiB2 has only one vegetation layer, there are no longer any two-layer classes (e.g., tree-grass savannah) as in SiB1.

The actual number of landcover classes in SiB2 is now only nine as types 6, 7, 8, and 11 are now all assigned C4 grassland

properties. The abbreviations in the "I(uchler" and "Matthews" columns refer to the 32 classes identified in the original datasets.

No one-to-one agreement between the 32 Kuchler and Matthews classes is implied. The reconstruction procedure for broadleaf

evergreen vegetation types was not applied to class 9 of the original Matthews classification (in parentheses in column headed
"Matthews").

Landcover type

Tall vegetation

Broadleaf-evergreen trees

Broadleaf-deciduous trees

Broadleaf and needleleaf trees

Needleleaf-evergreen trees

Needleleaf-deciduous trees

Short vegetation

C4 groundcover

(+ tall vegetation)

(grassland)

(shrubs + groundcover)

(bare soil)
Shrubs with bare soil

Dwarf trees and shrubs

Agriculture or C3 grassland

Kuchler Matthews N(l°*l ° ) Area (106 krn 2 )

B

S

D

Di

DBs

M

ND

SE

E

Ep

N

DG

GBp
GD

DGp

Gsp

G

Gp

Bs

Bz, Bzi

Ds

Dsi, Bzi

DsG

GDsp
Ss

SsG

Szp
b

Bsp

Dsp

Dzp

L

n/a

1

2

3

(9)
5

10

4

7

8

14

16

11

13

15

23

24

25

26

27

28

29

6

12

30

17

19

21

18

20

22

32

1433

258

487

2156

1117

4316

911

1252

2783

--Total 22097

17.2

SiB1 SiB2

1 1

2.2 2 2

3.9 3 3

14.8 4 4

6.1 5 5

46.4 6 6

7 6

8 6

11 6

9.4 9 7

5.9 10 8

26.2 12 9

147.8

% • 131



APPENDIX D GENERATION OF GLOBAL BIOPHYSICAL PARAMETERS

D.3.2 Stratification of the NDVI Data 3

Into Landcover Types

A landcover stratification scheme was used to account for

the dependency of the relationships between NDVI, land-

surface parameters and vegetation type. The landcover
classification used for this study is based on the Matthews 4.

landcover and Matthews landuse datasets (Matthews
1983. 1984), and the Kuchler (1983) landcover dataset.
Both the Matthews and Kuchler datasets have a resolu-

tion of 10 by 10 and distinguish 32 main landcover types
iTable D.2). The original SiB1 vegetation classification of 5.

Dorman and Sellers (1989) was based on these Matthews

and Kuchler datasets. The 10 by 10 SiB1 classification

was used to process the satellite data, in particular to
carry out the solar zenith angle correction and reconstruc-
tion procedures described in section D.4.

To accommodate the new photosynthesis-conductance

model, the two vegetation layers in SiB1 were reduced to

one layer in SiB2 which also involved reducing the number
of vegetation classes from 12 to 9, see Table D.2 and Sell-

ers et al (1996a). The nine SiB2 vegetation classes shown

in Table D.2 and figure E.7 are used to assign surface
parameter values. D.4

3

E
v

r-

-J

O

rr

.4'>, _.
9,t

I I

3 6
Leaf Area Index

.... 2

..... 3

................4,5
..... 6,7,8,11,12
...... 9,10

9

Figure D.5: Dependence of roughness length, zo on leaf area
index as calculated by the turbulent transfer sub-model of SiB2
(fl'orn Sellers et al. 1989, 1996a). The numbers in the legend
correspond to the numbers of the biome types in tableD.2.

The basis of this final landcover dataset is the

Matthews dataset. Some modifications were made to

obtain closer agreement with the classes and the SiB2

biomes for which the vegetation parameters in Tables D.4
and D.5 were established:

1. For South America, the Kuchler classification re-
placed the Matthews classification.

2.
In North America, the Kuchler landcover type 4
(needleleaf evergreen) replaced the Matthews clas-
sification.

In Siberia, Kuchler vegetation type 5 (needle-
leaf deciduous, mainly Larix species) replaced the
Matthews classification, because the Matthews clas-

sification does not make a distinction between

broadleaf and needleleaf deciduous cover types.

In cases where a grid cell contained over 50% agri-
cultural activity as defined in the Matthews landuse

dataset, class 9 (agriculture) was assigned (Dorman
and Sellers 1989).

The Kuchler and Matthews classes were merged to
reflect either a Ca or C4 cover type: SiB2 class 6

(SiB1 classes 6, 7, 8, and 11) was used to represent

C4 types and SiB2 class 9 (SiB1 class 12 at the 1°

by 10 scale) was used to represent Ca types. A more

realistic distribution of Ca and C4 types at the 1 °

by 10 scale will be used for future studies (Collatz
et al. 1998).

The SiB2 landcover classification is depicted in figure
E2.

An Adjusted NDVI Product:

FASIR-NDVI

To correct the global 1° by 10 NDVI dataset for the errors

discussed in section D.3.1, a series of adjustments was

developed, collectively referred to as FASIR, which stands
for:

• Fourier wave Adjustment,

• Solar zenith angle adjustment,

• Interpolation of missing data, and

• Reconstruction of NDVI data classified as tropical
evergreen broadleaf.

Prior to the Fourier wave adjustment, remnants of the

terminator effect that were marked by erroneous NDVI

values (Holben 1986) were eliminated by discarding all

data associated with solar zenith angles larger than 85 ° .
The FASIR procedures were first described in Sellers et
al. (1994).

D.4.1 FASIR:Fourier Wave Adjustment

of NDVI Time-Series

The adjustment of outliers in the NDVI time-series using

Fourier series analysis is based on two assumptions: first,

the NDVI time-series should be smoothly varying at any
given point; and second, the major sources of error de-

fined earlier can only decrease the value of the NDVI. The

first assumption is used to identify short-term irregulari-
ties (< 2 months) in time-series that could be the result
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D.4. AN ADJUSTED NDVI PRODUCT: FASIR-NDVI

of persistent cloud cover or atmospheric effects (water va-

por, aerosols). The second assumption has been used for

some time now to justify the calculation of monthly maxi-

mum value composites (Holben 1986, Tucker et al. 1986).
There are some cases where this assumption will not hold,

discussed in Los et al. (1994), but the effects are trivial in

the context of this analysis, and generally much smMler

than the effects of the atmosphere or clouds• Fourier se-

ries are a summation of sine and cosine functions given
by

Yi = _ aj cos ((j - 1)¢i) + bj sin ((j - 1)05i), (D.18)

j=l

where a and b are Fourier coefficients, 05i = 2rr(i- 1)/n
the phase, i ranges from 1 to n, n = 12 is the number

of points in the sequence, and m = 3 is the number of

harmonics. The selection of m = 3 meets the requirement

of smoothness and at the same time incorporates a large
part of the seasonal variation in the NDVI. The correction

is limited to less than a sequence of outliers of n/2 "_-I
data points in a row, hence for m = 3, a sequence of 3

or more outliers will erroneously be incorporated in the
adjusted series.

A robust least-squares optimizing method was used

to identify and adjust outliers from the general trend in
the NDVI time-series. Robust least-squares methods are

designed to eliminate data that deviate strongly from a

general trend, and could distort the analysis (Hoaglin et
al. 1983). These methods are generally iterative, and in

successive cycles residuals are weighted as a function of
the distance to the fitted curve. A modification to the ro-

bust least-squares optimizing technique was made to take

into account the assumption that errors in the NDVI re-

sult in decreased values, hence negative deviations from

the fitted curve receive low weights during fitting, and

positive deviations receive high weights. The general pro-

cessing scheme for the Fourier-adjustment procedure is

discussed here and shown schematically in figure D.4. A
broad outline is as follows:

1. Values are substituted for missing data points prior

to fitting the Fourier series. Because the majority

of missing values occur during periods of low sur-

face temperature and therefore low greenness val-

ues, a low NDVI value, NDVI = 0 is inserted (figure

D.4.b).

2. The Fourier series are fitted through the data using

the least-squares method (figure D.4.c),

(F T. F).c = F T.Y, (D.19)

where the observed data are

y z

the Fourier constants to be solved for are

[cl]
C2rn- 1

and

F
11 COS 051 sin 051 COS 205 1 sin 205 1 ]

cos 05_ sin 05,_ cos 205_ sin 205_

3. The weights, Wi, are calculated according to dis-

tance from the fitted curve (figure D.4.d),

0, if Ui < -k;

(1 + (U_+r) 54 if--k < Ui < -r;

1, if-r < Ui <_ r;

(1+_)2, ifUi >r

(D.20)

and

0 < _=_ < 1

0 _< wi=_ _<1,

with U = (Y - ?)/M; M is the median of the ab-
solute difference values of Y and 12; k = 2; and

r = M/20.

4. Fourier series are fitted through the data using
(D.19), now with the weights W taken {nto account

(figure D.4.e);

(Fw T • Fw) . c = Fw T • Yw, (D.21)

where

Yw

and

F W = "..

r/g_ W_ cos 205_, l/g,_ sin 205_

, Each point is then checked against its original value

and the values of its four nearest neighbors (i - 2,

i - 1, i, i + 1, i + 2). The new value is constrained

not to exceed the maximum of the 5 original values

by more than 2% or to be lower than the original

value (figure D.4.f). Notice that the series is cyclic,

hence the neighbors to the right for i = 12 are i = 1
and i = 2.
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6. Sequences of three or more missing values in the

original data are set to missing values after adjust-

ment of the data to avoid inclusion of suspect data

(figure D.4.f). The missing values are dealt with by
the interpolation and reconstruction techniques, see
section D.4.3).

(a). Solar angle interval + (b). Calculation of NDVI
Land cover type populations

90° 0.06 75_

,0-----
6°°°:-------_ ' !i

0÷ / , , ,_q

0.06 --3S °f 0.04 1

NDVI

(¢). Estimation of Solar Angle on 98%

values of NDVI populations

oo_ 0.6 2

_=0.4 i

0.2

30' 40 50' 60' 7O _ 8(7 90

Solar Zenith Angle

Figure D.6: Schematic of analysis procedure applied to the

Fourier-adjusted data (FA) to extract the dependence of oh-

served maximum NDVI (full green canopy) on solar zenith an-

gle. (a) For each monthly dataset, the globe is divided into so-

lar zenith angle classes (The situation for the Northern Herni-

sphere equinox is shown as an example, so that the solar zenith

angle intervals correspond to latitude bands) for solar zenith

angle correction. (b) The set of solar zenith angles is com-

bined with the set of vegetation types to produce populations of

Fourier-adjusted ND VI data (by solar zenith angle and vege-

tation type). The 98 percentile of each population is assumed

to correspond to a full green canopy. (c) The 98_ percentile

points for each vegetation type are plotted against solar zenith

angle and a simple empirical function is fitted; see equations

(D.23), (1:).23), and (D.2J) in the text. Numbers in plot (b)
correspond to numbers in plot (c).

D.4.2 FASIR: Solar Zenith Angle Cor-
rection

The NDVI varies with solar zenith angle as a result of
increased atmospheric path lengths and surface BRDF

effects. Studies on the BRDF properties of vegetation
have for the most part been carried out over uniform

cover types at the plot scale (Kimes 1983, Holben et al.
1986, Deering et al. 1992b). Little work has been done

to translate the results from ground measurements to ob-

servations made at the top of the atmosphere. Lacking

a calibrated, physically-based model, a simple empirical

procedure was used to account for solar zenith angle ef-
fects. First, we analyzed the entire NDVI dataset to iden-

tify a set of dense green vegetation covers for four veg-

etation morphologies (grass/crops, broadleaf evergreen

forests, broadleaf deciduous forests, coniferous forests)

which were exposed to a range of solar zenith angles (200

70°). Solar zenith angles were calculated assuming a

nadir view angle, for the 15th day of each month, for

an equatorial satellite crossing time according to Price

(1991), and for orbits as described in Kidwell (1995).

The monthly NDVI data were stratified by vegetation

morphology and solar zenith angle interval, see Figure
D.6. These stratified datasets were then combined into

annual sets; e.g., data from a broadleaf evergreen type
in the Southern Hemisphere collected during December

were combined with data from a broadleaf evergreen type
in the Northern Hemisphere collected during July hav-

ing the same solar zenith angle interval. The 98 per-
centile values of these combined NDVI distributions were

then assumed to represent conditions of green, maximum

density vegetation cover. These 98% values were plotted

against solar zenith angle and a curve was fitted through

the data using the form of the equation derived by Singh
(1988)

Y98 : kl(O- 7C/_) k2, (D.22)

with y = (NDVI98,o-NDVIo)/NDVIg8,o, where NDVI98,0
represents the 98 percentile of the NDVI distribution for

a particular class (i.e., the greenest values) as observed

for a zero solar zenith angle. A similar procedure was de-

veloped to describe the effect of solar zenith angle on bare
soil. It was assumed that the lowest 5% values for bare

soil and shrubs (class 7), and bare soil classes (deserts
in class 6) represented no-vegetation conditions. The 5%

values were extracted and plotted versus solar zenith an-
gle to obtain

y5 = k3(O- 7r/6) k_, (D.23)

with y = (NDVI0 - NDVIs,0)/NDVIs,0. The parameters

kz through k4 were estimated with least-squares. Values
of parameters kl through k4 for each landcover class are

set out in Table D.3. If no data were available for a veg-

etation type for solar zenith angles smMler than 30 °, a
smM1 number, NDVI = 0.008, was added to the maxi-

mum (98 percentile) NDVI values obtained between 300

and 60 ° solar zenith angle to allow fitting of (D.22) and
(D.23).

With the relationships between NDVI and solar zenith

angle established for high and low NDVI values, the equiv-
alent "overhead Sun" value, NDVI0, for an intermediate

NDVI for any solar zenith angle is calculated by

NDVI0 =
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Table D.3: Vegetation cover types with examples of the associated properties: maximum leaf area index, LTm_x, stem area index,

L_, NDV[ at 5_ and 98_o of NDVI distributions, parameters for the solar zenith angle correction kl through k4 (see equations
D.22 and D.23), and the vegetation cover fraction V (equation D.28). For the solar angle correction only, a distinction is made

within SiB2 biome 6 between the old SiB1 biome 6, which is treated as morphologically similar to class 1, and SiB1 biomes 7, 8,
and 11, which are treated as morphologically similar to the short vegetation classes.

SiB2 biome LT,ma x Ls

1 7 0.08

2 7 0.08

3 7.5 0.08

4 8 0.08

5 8 0.08

6-6 5 0.05

6-other 5 0.05

7 5 0.05

8 5 0.05

9 5 0.05

NDVI98% NDVI5%

0.611 0.039

0.721 0.039

0.721 0.039

0.689 0.039

0.689 0.039

0.611 0.039

0.674 0.039

0.674 0.039

0.674 0.039

0.674 0.039

kl k 2 k3 k4 V

0.15 2.80 0.52 1.04 0.0

0.32 1.38 0.52 1.04 0.0

0.28 1.35 0.52 1.04 0.5

0.19 1.18 0.52 1.04 1.0

0.19 1.18 0.52 1.04 1.0

0.15 2.80 0.52 1.04 0.0

0.38 1.45 0.52 1.04 0.0

0.38 1.45 0.52 1.04 1.0

0.38 1.45 0.52 1.04 0.0

0.38 1.45 0.52 1.04 0.0

(NDVIo - NDVI5,e)(NDVIgs,0 - NDVIs,0)

(NDVIgs,o - NDVI5,o)

+NDVIs,0. (D.24)

Equation D.24 assumes a linear variation of the so-
lar zenith angle correction to NDVI over the considered

range of NDVI. The solar zenith angle correction is ap-

plied to zenith angles of up to 60 ° and then held constant

for higher angles, see figure D.6. The effect of our solar

zenith angle correction on the time-series is shown in fig-
ure D.7 for a mid-latitude area, with a similar correction

for solar zenith angle developed by Singh (1988) shown
for comparison; our correction is more conservative, espe-

cially for high solar zenith angles.
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Figure D.7: Illustration of the solar zenith angle correction
for a Fourier-adjusted (FA) NDVI time-series of a region in

the boreal forest (50.5 N, 88.5 W). The Singh (1988) solar
angle correction is shown for comparison.
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Figure D.8: Example of interpolation for the Fourier-adjusted
and solar zenith angle corrected evergreen needleleaf NDVI
data of figure D.7 during the Northern Hemisphere winter
(50.5 N, 88.5 w).

D.4.3 FASIR: Interpolation of Missing
Data

The original NDVI dataset of Los et al. (1994) con-

tains data dropouts (missing values) whenever the sur-

face radiative temperature falls below 273 K (288 K for

Africa). These missing values present a significant prob-

lem at high latitudes during the Northern Hemisphere

winter because, given a spurious NDVI of zero, SiB2 will

calculate erroneous albedo and roughness length values.

This would be particularly damaging for forest areas, be-
cause no vegetation would be assigned to an area where

trees might project through the snow and influence the

albedo and surface roughness. The Fourier-adjustment
procedure only allows for restoration of occurrences of

fewer than three missing NDVI values in a row.
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Table D.4: Time-invariant biome-dependent land-surface properties. Most of these are used in the preprocessor (MAPPER)
to calculate parameter fields for SiB2. Very few are used directly in the GCM.

Definition

Morphological properties

z2 Canopy-top height

Zl Canopy-base height

zc Inflection height

(leaf area density)

V Canopy-cover fl'action

X L Leaf-angle

distribution factor

Iw Leaf width

It Leaf length

DT Total soil depth

Dr Root depth

Optical properties

C_v,l Leaf reflectance

visible, live

c_V,d Leaf reflectance

visible, dead

O:N,I Leaf reflectance

near IR, live

C_N,d Leaf reflectance

near IR, dead

5V, l Leaf transmittance

visible, live

5v, d Leaf transmittance

visible, dead

5N,1 Leaf transmittance

near IR, live

_N,d Leaf transmittance

near IR, dead

a_,v Soil reflectance, vis

c_,N Soil reflectance, NIR

Physiological properties

Vr,,_x Maximum Rubisco

capacity top leaf

e Intrinsic quantum

efficiency

•n Stomatal slope fact.

b Minimum stomatal

conductance

fl_ Photosynthesis

coupling coef.

s2 High T stress fact.

(photosynthesis)

s4 Low T stress fact.

(photosynthesis)

g)c One-half inhibition

water potential

fd Leaf resp. factor

9

m 35.0 20.0 20.0 17.0 17.0 1.0 0.5 0.6 1.0

m 1.0 11.5 10.0 8.5 8.5 0.1 0.1 0.1 0.1

m 28.0 17.0 15.0 10.0 10.0 0.55 0.3 0.35 0.55

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0.1 0.25 0.125 0.01 0.01 -0.3 0.01 0.2 -0.3

m 0.05 0.05 0.08 0.04 0.11 0.001 0.003 0.01 0.01

m 0.1 0.1 0.15 0.1 0.055 0.04 0.3 0.03 0.3

m 3.5 2.0 2.0 2.0 2.0 1.5 1.5 1.5 1.5

m 1.5 1.5 1.5 1.5 1.5 1.0 1.0 1.0 1.0

- 0.1 0.1 0.07 0.07 0.07 0.105 0.1 0.105 0.105

- 0.16 0.16 0.16 0.16 0.16 0.36 0.16 0.36 0.36

- 0.45 0.45 0.4 0.35 0.35 0.58 0.45 0.58 0.58

- 0.39 0.39 0.39 0.39 0.39 0.58 0.39 0.58 0.58

- 0.05 0.05 0.05 0.05 0.05 0.07 0.05 0.07 0.07

0.001 0.001 0.001 0.001 0.001 0.22 0.001 0.22 0.22

0.25 0.25 0.15 0.1 0.1 0.25 0.25 0.25 0.25

- 0.001 0.001 0.001 0.001 0.001 038 0.001 0.38 0.38

- 0.11 0.11 0.11 0.11 0.11 a a 0.11 0.1

- 0.225 0.225 0.225 0.225 0.225 a a 0.225 0.15

mol 1 10 -4 1 10 _4 8 10 -5 6 10 -5 1 10 -4 3 10 -5 6 10 -5 6 10 -5 1 10 -4Kf12S

mol
m2 s 0.08 0.08 0.08 0.08 0.08 0.05 0.08 0.08 0.08

- 9.0 9.0 9.0 9.0 9.0 4.0 9.0 9.0 9.0

tool 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.01 0.01m_s

0.98 0.98 0.98 0.98 0.98 0.8 0.98 0.98 0.98

K 313 311 307 303 303 313 313 303 308

K 288 283 281 278 278 288 283 278 281

m -200 -200 -200 -200 -200 -200 -300 -200 -200

0.015 0.015 0.015 0.015 0.015 0.025 0.015 0.015 0.015

136



i%, "

D.5. CALCULATION OF FPAR, LT , AND CANOPY GREENNESS FRACTION (iV) FROM FASIR-NDVI

To get around the problem of several successive miss-

ing NDVI values, a best guess is made about the "effective

winter" NDVI value of evergreen needleleaf vegetation by

selecting a value at the end of the growing season when
the only remaining green component is assumed to be

evergreen. For this study, the NDVI value of October

is used to replace missing values in areas covered with

needleleaf evergreen vegetation during winter. A similar

procedure, with a six-month phase shift, was followed for

missing winter values in the Southern Hemisphere. Fig-
ure D.8 shows an example of the interpolation of missing
values.

D.4.4 FASIR: Reconstruction of NDVI

Time-Series Over Tropical Regions

The Fourier-adjusted NDVI time-series over the tropics
show incontrovertible evidence of serious cloud contami-

nation, e.g., low NDVI values coinciding with the clima-

tological occurrence of rainfall and persistent cloud cover

(Sellers and Schimel 1993). Our temporary solution to

this problem is to raise the NDVI values for evergreen

broadleaf vegetation (class 1 or tropical forest) pixels to
the maximum observed for that pixel during the year.

The class 9 (drought-deciduous broadleaf) of the source
32 class Matthews landcover data is excluded fl'om class

1 for this procedure because it has highly seasonal vege-
tation. It is marked by parentheses in Table D.2.

Figure E.8 shows global FASIR-NDVI data for Febru-

ary and August 1987. When comparing the FASIR-NDVI

data with the 10 by 1° NDVI dataset of Los et al. (1994)

it can be seen that the former dataset has higher val-

ues over green areas, where we expect the largest impacts
due to atmosphere effects and clouds; similar values over

deserts, where we expect atmospheric perturbations to be
of minor importance; and non-zero values for the boreal

forest during the winter (see also figure D.13).

D.5 Calculation ofFPAR, LT, and

Canopy Greenness Fraction

(N) From FASIR-NDVI

The FASIR-NDVI is taken to be indicative of the amount

of green material in the vegetation canopy. FPAR and the
green leaf area index, NLT, are calculated from the NDVI

using simple relationships discussed earlier. The total leaf

area index, LT, and the canopy greenness fraction, N, are

then calculated fi'om analysis of time-series of NLT.

D.5.1 Calculation of FPAR from FASIR-

NDVI

The theoretical relation between FPAR and SR, (which is

a simple transformation of NDVI: SR = (1 + NDVI)/(1 -

NDVI)), was shown to be near-linear in the work of Sell-

ers et al. (1992a). Analysis of field data gathered over a

range of spatial scales over a Kansas grassland confirmed

the near-linearity of this relationship, at least for homo-

geneous vegetation covers with dark soil backgrounds, see

Sellers et al. (1992b), Hall ct al. (1992), and figure D.3.

Assuming linearity, the equation for SR and FPAR can

be solved when two points are known. These two points
were established using a simple analysis of the NDVI data

populations discussed in sec{{on D.4.2 and shown in fig-
ure D.6.b. The 98% NDVI for tall vegetation types and

agriculture is assumed to repi'esent vegetation at full cover

and maximum activity with aFPAR value close to 1 (here

assumed to be 0.950). The 98% NDVI value of agriculture

was used to represent all short vegetation types. The 5%
desert value is assumed to represent no vegetation and a

FPAR value of 0.001 for all landcover types. The relation

between FPAR and SR is then given by

(SR -- SRi,min) (FPARmax - FPARmin)FPAR =
(SRi,ma x -- SRi,min)

+FPARmin (D.25)

with

FPARmax = 0.950,

FPARmin = 0.001.

FPARm_x, FPARmm are independent of vegetation type.

SRi,m_x = SR value corresponding to 98% of

NDVI population i,

SRi,min = SR value corresponding to 5% of NDVI
population i.

The landcover-type dependent NDVI values for the 98%

and 5% of data populations can be found in Table D.3.

Note that the 5% and 98% values are the same values

used for the solar zenith angle correction and are tied to
the same vegetation classification.

D.5.2 Calculation of Green Leaf Area In-

dex From FPAR

The relationship between FPAR and the green leaf area

index Lg can be described by an exponential equation

(Monteith and Unsworth 1990),

log(1 - FPAR) (D.26)
Lg = Lg'i'm_Xiog(1 - FPARmax)'

where Lg,i,max is the maximum green leaf area index de-
fined for vegetation type i. The equation was derived at

local levels and is found to be valid for evenly distributed

vegetation at regional scales. For clustered vegetation,
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e.g., coniferous trees and shrubs, the relation is different:

the equation becomes (Huemmrich and Goward 1992_:

Lg,i ...... FPAR
Ly = (D.27)

FPARm_×

FAO/GISS Soil
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Figure D.9: Schematic of procedures used to generate global
fields of soil properties for use in SiB2. All of these proce-

dures are conducted off-line (i.e., prior to the GCM run) in
the MAPPER pre-proeessor program.

Landcover classes 4, 5 (needleleaf deciduous and ev-

ergreen), and 7 (shrubland with bare soil) are treated

as clustered vegetation types as defined in Sellers et al°

(1992a). In cases where there is a combination of clus-

tered and evenly distributed vegetation, Lg can be calcu-

lated by a combination of equations (D.26) and ( D.27):

Lg = (1 - Fd)Lg,i ..... log(l- FPAR)
log(1 - FPARm_x) +

Fd Lg,i,_.... FPAR
FPAR ..... ' (D.28)

where Fd is the vegetation covet" fraction. The value of

Fd is given in Table D.3 for each landcover class.

D.5.3 Canopy Greenness Fraction and

Total Leaf Area Index

It should be emphasized that the FPAR and green leaf

area index values described above refer only to the green

portions of the vegetation canopy. It is assumed that a

small fraction of the vegetation canopy leaf area index

consists of non-green supportive tissues, the stem area

index L_ t0.076 for forests. 0.05 for grasslands and crops,

Table D.3). An estimate of the proportion of dead leaves

within the canopy is provided by the method originally

used by Dorman _nd Sellers (1989) for SiB1. It is assumed

that when a deciduous canopy is growing, all the attached

leaves are green. After the maximum leaf area is reached,

and the canopy starts _o lose green leaves, the canopy

greenness fraction N is determined by assuming that dead

leaves remain within the canopy for one month before

falling off or being eaten. Thus the canopy greenness

fraction N _s given by

N -- Lg/LT, (D.29)

with

L7 _ - L_ Ld _- Lg,

Ld -- Lg ..... 1 - Lg, andLa > O,
Lg = green leaf area index, from FPAR,

LT = total leaf area index,
L_ - stem area index.

Figure E.9 shows FPAR fields for February and Au-

gust 1987 as calculated by (D.25). Figure E.10 shows LT

fields as produced by Dorman and Sellers (1989) from a

survey of the ecological literature as interpreted through
SiB1. Figure E.11 shows comparable LT fields derived

from the FASIR-NDVI using equations (D.28) and (D.29).
Both figures E.10 and E.11 depict data at 4 ° by 5° res-

olution as used by the SiB-GCM. Note that these fields

are otherwise directly related to the FPAR fields of figure
E.9.

A comparison of figures E.10 and E.11 reveals large
differences between the survey-based and satellite-based

estimates of LT. Overall, the original SiB1 values are un-

realistically high in the boreal forests and savannah and

of course show no spatial variation within natural land-

cover classes for any given month (Dorman and Sellers
1989). Interestingly, the SiB2 fields show higher summer

LT values for the seasonal boreal forests of eastern Siberia

and the Great Plains of North America. Spatially ex-

tensive validation datasets corresponding to figures E.9,

E.10, and E.11 are simply not available. For the time

being, we assume that the SiB2 FASIR-NDVI fields are

more accurate than equivalent SiB1 fields because of their

basis in direct observation and in the theory supporting

the satellite-derived product. Detailed validation of these

FASIR-NDVI derived fields must rely on the results of

large-scale field experiments, e.g. FIFE (Sellers and Hall

1992) and other work, and will be the subject of future

papers.
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D.6. GENERATING THE GLOBAL PARAMETER FIELDS FROM THE CORE DATASETS

Table D.5: Biorne independent morphological and physiological parameters. Most of these are used in the preprocessor (MAP-
PER) to calculate parameter fields for SiB2. Very few are used directly in the GCM.

Parameter Description Units Value

Morphological parameters

zs Ground roughness length m 0.05
GI Augmentation factor for momentum transfer coefficient - 1.449

G4 Transition height factor for momentum transfer coefficient - 11.785

D1 Depth of surface soil layer m 0.02

(2)8 Mean topographic slope radians 1.76

Physiological parameters

S Rubisco specificity for CO2 relative to O2 - 2600 • 0.57 (4`

Kc Rubisco Michaelis-Menten constant for CO2 Pa 30.2.1 _

Ko Rubisco inhibition constant for O2 Pa 30000- 1.2 Q_

_p8 Photosynthesis coupling coefficient 0.95

sl High temperature stress factor, photosynthesis K -1 0.3

s4 Low temperature stress factor, photosynthesis K -1 0.2

s5 High temperature stress factor, respiration K -1 1.3

s6 High temperature stress factor, respiration K 328

Qt Q10 temperature coefficient (To - 298)/10

D.6 Generating the Global Pa-

rameter Fields From the Core

Datasets

The procedure for making the SiB2-GCM global surface

parameter fields consists of combining digital maps (veg-

etation type and soil type), time-series fields (FPAR,

LT, N) and tables of soil and vegetation properties (soil
physics by type, vegetation attributes by type, FPAR, LT,

N) to produce a large but self-consistent set of time-series
fields. The core source datasets are:

1. Food and Agricultural Organization / Goddard In-

stitute for Space Studies (FAO/GISS) soil type

map: This map, derived by Zobler et al. (1986)

from analysis of the FAO data base, categorizes the
world's soils into seven texture classes on a 10 by 1°

grid.

2. Soil properties table: The texture classes specified

in (i) above were applied to a soil physical properties

dataset of Clapp and Hornberger (1978) to create a

table of soil physics properties (Table D.6).

3. Earth Radiation Budget Experiment (ERBE) clear

sky surface albedo: The published ERBE (40 by
5°) data of Harrison et al. (1990) were used to

"paint" in soil reflectances in desert and semi-arid

areas (landcover types 7 and desert subclasses in

type 6 between 450 S and 45 ° N; see Table D.2 and

next item).

4. Landcover classes: The landcover map of Kuchler

(1983) as digitized by Willmott (personal commu-

.

nication) and the landuse map of Matthews (1983,

1984) were used by Dorman and Sellers (1989) to

produce a 10 by 10 vegetation map for SiB1. The

distribution of subtropical and tropical C4 grass-

lands (Collatz et al. 1998) and the extent of tropical

forest (Nobre et al. 1991) have since been modified

to yield a new product, SiB2MAP, see figure E.7.

Vegetation properties table: Each vegetation type

shown on the map of item (4) above has a set of

time-invariant parameters assigned to it (Table D.4,
D.5). The role of each parameter is discussed in Sell-

ers et al. (1996a). This table corresponds roughly

to Table 1 of Sellers et al. (1986) and tables 2, 3

,and 4 of Dorman and Sellers (1989), except that

SiB2 has considerably fewer parameters; see Table

1 of Sellers et al. (1996a). The vegetation prop-

erties table is broken into the following categories

of physical parameters: Vegetation, morphological,

and soil-depth parameters are assigned in much the

same way as in Sellers et al. (1986) and in Dorman

and Sellers (1989).

(a) Optical properties: Leaf and soil optical prop-

erties are assigned as in Dorman and Sellers

(1989). Note that the grasslands, croplands,

and deserts (classes 6, 7, 8, 9) share one set of

properties, broadleaf forests (classes 1 and 2)

another, and needleleaf (classes 4 and 5) an-

other. The mixed.forest (class 3) properties

are described by the mean of broadleaf and
needleleaf properties.
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(b) Physiological properties: A broad distinction
is made between C3 to3 = 0.08) and C4

(e4 - 0.05) vegetation (see Tables D.4 and

D.5). Other properties, notably the _empera-
ture coefficients, vary from type to type _hese

parameters were obtained from reviews of the

ecological literature as partially documented in
Collatz et el. t1991. 1992).

6. The FASIR-NDVI-derived time-series fields of

FPAR. LT, and N: These were described in the

previous _wo sections.

No direct use of the landcover or soil maps is made from

within the GCM as the accessed fields consist of those

properties that are directly used in SiB2 and / or GCM
calculations, e.g., roughness length, reflectance, FPAR,

e'bc.

Table D.6: Soil texture types, as defined in the global map

by Zobler (1986), matched with soil physical parameters fl'om
Clapp and Hornberger (1978). B is soil wetness exponent, _._
is soil tension at saturation Im), [(._ is hydraulic conductivity
at saturation (ms -1 ), O_ is soil porosity (volume fraction), see

Table D. 7.
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Figure D.10: Schematic of procedures used to generate global

surface reflectance and other radiative transfer properties for

SiB2. The horizontal dashed line divides off-line preprocessor

(MAPPER) tasks from on-line (SiB2-GCM) tasks.

The next four sub-sections describe how these datasets

are combined using simple relational rules or through in-
termediate models to produce the landsurface parameter

fields for SiB2. This task is performed by a series of sub-

routines in an off-line preprocessor for SiB2 called MAP-

PER (figures D.9, E.12, E.13, and D.10). The resulting

fields, shown in Table D.7, are accessed directly by SiB2
from within the GCM. Generally speaking, the 1° by 1°

cells are averaged up to 4° by 5° monthly fields and linear

temporal interpolation is used to define the daily value of

each parameter between the fifteenth day of each month.

I class B _ [_ _ 10_ 0._ description
1 4.05 -0.04 176.0

2 4.90 -0.07 35.0

3 5.39 -0.15 7.0

4 7.12 -0.12 6.3

5 8.52 -0.36 2.5

6 4.05 -0.04 176.0

7 5.39 -0.15 7.0

0.40 Sand

0.44 SandyLoam

0.45 Loam

0.42 Clay Loam --+

Sandy Clay Loam

0.48 Clay --+

Clay Loam

0.40 Ice

0.45 Organic

D.6.1 Soil Physical Properties and Re-

flectance Properties

Figure D.9 outlines the procedure for producing the global
soil properties fields. The soil type map (figure E.12) and

soil properties table are combined to produce fields of the

textural parameters: 0_, t3, K_, and ¢_. The landcover

map and the vegetation type-dependent properties of soil

depths and slopes are combined to create global fields of

these parameters. The depth of the topmost layer is al-

ways 0.02 m (D1); the root zone layer thickness, Du, is
defined as D2 = Dr- - D1; the recharge zone layer thick-

ness, D3, is defined as Da = DT -- D,., where D,. is the
root depth and DT is the total depth of the hydrologic

active soil layer. Soil or litter background reflectances

(visible and NIR) are important parameters for calculat-

ing the albedo of sparsely vegetated areas. As a default,
the vegetation type-dependent values of soil background

reflectance are used to create global fields. In compar-
isons with ERBE data, this procedure was found to give

unrepresentative albedo values for the deserts of Australia
and the northwest United States, which were assigned soil

reflectance values typical of the Sahara. To remedy this,

the ERBE data of Harrison et al. (1990) were used to

paint in the desert areas (type 7 and desert subclasses in
6 between 45 ° S and 45 e N), see figure E.13. The amal-

gamated soil properties maps at 10 by 10 are accessed

directly by the MAPPER preprocessor of SiB2 without
intermediate reference to the soils or landcover maps.
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D.6.2 Radiative Transfer Properties

Thecanopygreennessfields(N) fromtheFASIR-NDVI
productareusedwiththelandcovermapandleafoptical
propertiestocreateweighted(bylive/ dead fraction_ leaf

optical properties for each grid area. These fields plus
the soil / litter reflectance fields (previous section) can

be used in an off-line version of the two-stream model of

Sellers (1985) to calculate monthly 1° by 1° fields of snow-

free reflectances. However. these are not accessed by SiB2

from within the GCM. Instead. the soil and leaf optical

properties are modified in the presence of snow (Sellers
et al. 1996a1 and a vectorized version of the two-stream

model called from within the GCM is used to calculate the

actual time- and space-varying surface reflectances. The

GCM also supplies fields of the incident shortwave radi-

ation fluxes _visible, NIR, direct beam. and diffuse) for

every timestep These are combined with the reflectance
fields and some other derived surface properties to calcu-
late albedo values and the fractions of the incident radi-

ation fluxes absorbed by the canopy and soil: see figure

D.10 and Sellers et al. 11996a). Figure E.14 shows snow-

free albedo fields produced by the off-line model. Exam-

ples of SiB2 albedo fields which include the effects of snow

may be found in Randall et al. (1996).

D.7 Turbulent Transfer Proper-

ties

The first-order closure model of Sellers et al. (1989.

1996a) is applied off-line to the vegetation properties sub-
set of morphological parameters (z2, z_. zl, zs, l_. lz, XL-

see Table D.4 and D.5 for definitionsl to create look-up

tables for each vegetation type of the bulk aerodynamic

parameters of roughness length (z0), zero plane displace-
ment (d), canopy boundary layer transfer parameter iC1),

and soil-to-canopy air-space parameter (C2). The model

is cycled to produce values of these bulk parameters for
each vegetation type for leaf area indices ranging from 0
to 8.0 in 0.5 increments. This look-up table (SiB2 file

SIBAERO) is combined with the LT fields and landcover

map to produce 1° by 1° monthly snow-free fields of z0,

d. C1. and C2. Linear interpolation is used between the

look-up table values to provide estimates of these param-
eters for each grid area and month. In the GCM. SiB2

accesses these snow-free fields and adjusts them for the

effect of snow accmnulation at every timestep. These ad-

justed values are then used by the non-neutral turbulent
transfer sub-model of SiB2 to calculate r_, rb, and ra for

each timestep (figure D.11 and Sellers et al. 1996a). Fig-

ure E.15 shows snow-free roughness lengths calculated by

SiB2.

D.8. VEGETATION BIOPHYSICAL PARAMETERS

MAPPER
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i-x1 ", Monthly)

Land i over 1
Pro[
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leighl, t

I archil _

Look-up Tables
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_Soil moisture, snow|
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Figure D.11: Schematic of procedures used to generate global
fields of turbulent transfer properties for SiB2. The horizon-
tal dashed line divides off-line preprocessor (MAPPER) tasks

.from on-line (SiB2-GCM) tasks. PCS stands for physical cli-
mate system, other symbols are defined in Table D._ and D.5.

D.8 Vegetation Biophysical .Pa-

rameters

Vegetation type and some associated parameters (LTmax,
SRmax, SRmin) have already been used in the calcula-
tion of FPAR. LT. and N from the FASIR-NDVI fields.

An off-line calculation of mean monthly solar (radiation-

weighted) angle is used in conjunction with the vege-
tation properties (optical and leaf angle characteristics)

to calculate the 1° by 1° monthly time-mean, radiation-

weighted values of the PAR extinction coefficient, k. The
canopy PAR use parameter. I1. is then calculated from

II _" FPAR/k (Sellers et al. (1992a, 1996a). II is com-
bined with other surface parameters in SiB2 to calculate

A¢ and 9_ and from these, the fluxes of radiation, heat,

mass (COu and H20), and momentum (figure D.12, Sell-
ers et al. t996a). Figure E 16 shows values ofll calculated

by SiB2.
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Table D.7: Parameter fields used by SiB2 within the GCM. In the application described in Randall et al. (1996) all of the
following parameters are defined as global fields, generated from the datasets described in section D.6.

Static parameters associated with landcover class

Z2 z2

Z1 Z1

VCOVER V

CHIL XL

SODEP DT

ROOTD D_

TRAN 5v.N :

REF c_v.N :

SOREF asv.Y :

VMAXO Wr_ax,o :

EFFCON e

GRADM m :

BINTER b :

ATHETA /3_

BTHETA /3p_

TRDA s5

TRDM s6

TROP 298

PHC q& :

RESPCP fd :

SLTI s3 :

HLTI s4 :

SHTI Sl :

Canopy _op height (m)

Canopy base height (m)

Vegetation cover fraction

Leaf angle distribution factor

Total depth of 3 soil moisture layers (m)
Rooting depth (m)

Leaf transmittance

Leaf reflectance

Soil reflectance

Rubisco velocity of sun leaf (tool m -2 s -1)

Quantum efficiency (tool mo1-1)

Conductance-photosynthesis slope parameter (tool (m -2 s-l))
Conductance-photosynthesis intercept

wc, We coupling parameter

wp, w_ coupling parameter

Slope of high temperature inhibition function (leaf respiration, K -1)

1/2 Point of high temperature inhibition function (leaf respiration, K)
Temperature coefficient in GS-A model K

1/2 Critical leaf water potential limit (m)
Respiration fraction of Vmax

Slope of low temperature inhibition function (K -1)

1/2 Point of low temperature inhibition function (K)

Slope of high temperature inhibition function (K -1)

HHTI s2 : 1/2 Point of high temperature inhibition function (K)
Static parameters associated with soil type

BEE B : Soil wetness exponent

PHSAT _P_ : Soil tension at saturation (in)

SATCO K_ : Hydraulic conductivity at saturation (m s -1)

POROS 05 : Soil porosity (volume fraction)

SLOPE (D_ : Mean topographic slope (rad)

Time-space varying vegetation parameters fl'om SVI

APARC FPAR : Canopy absorbed fraction of PAR

ZLT LT : Leaf area index

GREEN N : Canopy greenness fraction

Parameters derived from the above

Z0D z0 : Roughness length (m)

DD d Zero plain displacement (m)

CC1 C1 Bulk boundary resistance coefficient ((srn-1) 1/2)

CC2 C_ Ground-to-canopy airspace resistance coefficient

GMUDMU G(p)/p Time mean leaf projection

D.9 Discussion

Significant changes were made in the SiB2 landsurface pa-

rameterization with respect to the previous SiB1 version.

Most importantly, vegetation-related parameters for the

land surface were directly derived from satellite observa-

tions, i.e., the 1° by 1 ° NDVI dataset discussed by Los et

al. (1994), rather than inferred from groundcover classes.

For the calculation of the vegetation-related parame-

ter fields, two major issues had to be addressed: incon-

sistencies in the source NDVI data had to be accounted

for, and relationships between the NDVI and the landsur-

face parameters had to be established. Correction of the

NDVI was hampered by the absence of component chan-

nels 1 and 2 data and the lack of information on viewing

geometry in the source global dataset. Adjustment proce-

dures were developed based on some assumptions about

the properties of NDVI datasets associated with different

landcover classes. Some of these assumptions, such as the

supposition that most of the major sources of error tend

to lower the value of the NDVI, have been largely vali-

dated by research and can be used with a high level of

confidence (e.g., Holben 1986, Los et al. 1994). Other

assumptions have not been as thoroughly investigated.
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The NDVI data were adjusted with a series of cor-

rections, collectively referred to as FASIR (Fourier-

adjustment, solar zenith angle correction, interpolation.
and reconstruction). These corrections were applied in a

predefined sequence, such that corrections which are less

dependent on additional non-NDVI data sources were ap-

plied first, and corrections which depended more heavily
on additional data used were applied last. Specifically,

the Fourier-adjustment uses only the NDVI data and does

not require input from an additional data source. A land-
cover classification and estimates of solar zenith angle are

used for the solar zenith angle correction, however, the

outcome of the calculations is not seriously affected by

changes in the classification. The interpolation and re-
construction were done specifically for GCM purposes and

depend heavily on the landcover classification.

Figure D.14 shows the effect of each of the FASIR
corrections by latitude band for July. The average by lat-

itude band of the NOAA-Global Vegetation [ndex (GVh

see Tarpley et al. 1994) is also shown in figure D.14 for

comparison. Figure D.13 shows the effect of the FASIR

corrections by biome for the entire year.

In general, the Fourier-Adjustment (FA of FASIR)

provides a conservative correction to the data. i.e. sus-

pect values are adjusted relative to the position of more

reliable data. The procedure may lead to some small over-

estimations in specific cases, e.g., when a large, sudden

change in the amount of vegetation occurs, such as m

climates with large seasonality. For these biomes, overes-
timation could be a problem at the start and end of the

growing season. Figures D.14 and D.13 indicate that the
FA correction is most significant for biomes with a large

fraction of dense, green vegetation cover, where the im-

pacts of cloud contamination and atmospheric water va-
por are expected to be strongest. The correction can also

be significant for biomes with large seasonality, indicat-

ing that an overestimate during the start and end of the

growing season is possible. The Fourier-adjustment has a

marginal effect over deserts, and an intermediate effect for

grasslands, needleleaf decidous, shrub lands, and tundra.
Because the Fourier-adjustment has the greatest effect on

areas where NDVI time-series are expected to be most

suspect, it is assumed that the improvements provided

by this procedure outweigh its disadvantages. For photo-

synthesis calculations in SiB2-GCM. overestimates in the
NDVI at the start and end of the growing season should

have only a minor impact, because ambient temperatures

are low and will counteract possible overestimates in as-
similation rates.

The solar zenith angle adjustment (S of FASIR, in-

corporates a number of assumptions which have yet to

be validated against in situ observations. The effect of

this correction is greatest for vegetation types at high

latitudes/solar zenith angles (tundra and needleleaf) and

temperate regions (broadleaf decidous, mixed needleleaf

D.9. DISCUSSION
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Figure D.12: Schematic of procedures used to generate global
fields of surface biophysical properties for SiB2, principally
the canopy PAR use parameter, II. The horizontal dashed
line divides off-line preprocessor (MAPPER) tasks front on-

line (SiB2-GCM) tasks. Also shown are the connections with
other SiB2 sub-models to calculate the surface fluxes and hence
the increments in the SiB2 and atmospheric boundary layer

prognostic variables (Sellers et al. 1996a).

and broadleaf deciduous; see figure D.13). The solar

zenith angle correction is more conservative than the one
derived from first principles by Singh (1988) (figure D.7).

Although there is some uncertainty about this correction,
it should improve the data overall and it is likely that

any overcorrections are small. View angle effects in the
source 1° by 10 NDVI data are expected to be small:

the compositing technique favors selection of maximum

NDVI values which should be grouped around an average

view angle of 10° in the off-nadir forward-scatter direc-

tion. View angle effects in the NDVI are relatively small
at and around this view direction. Remnants of view

angle effects in the 1° by 1° data are confounded with

and partially accounted for by the solar zenith angle cor-
rection: the correction is derived from the dataset itself,

and thus should partially correct for systematic higher
or lower deviations due to biases in viewing angle when

confounded with solar angle. Residual variations in the
NDVI as a result of unconfounded variations in view angle

are not accounted for.
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The interpolation ([ in FASIR) of missing data for the

Northern Hemisphere evergreen needleleaf vegetation in

winter is necessary to obtain realistic estimates of several

landsurface parameters in SiB2. in particular those de-

rived from the leaf area index fields such as albedo and

roughness length. Failure to provide NDVI estimates for
the winter period would effectively set the leaf area index

values to zero and result in near-zero roughness lengths

and high albedo values. This would remove the effects of
the boreal forests on the physical climate system during

winter. For lack of an alternative, a best guess of the

minimum NDVI value is made by selecting the value at

the end of the growing season before any snowfall is likely

to have occurred. Overestimation of the NDVI for these

higher latitudes outside the growing season is unlikely to
lead to excessive evapotranspiration or assimilation rates

m SiB2. because of the low ambient temperatures.

The reconstruction (R in FASIR) of NDVI time-series

for the tropical evergreen broadleaf vegetation is neces-

sary to correct for the effect of persistent cloud cover and
atmospheric water vapor effects associated with tropical
forests. Low NDVI values would result in low FPAB and

leaf area index estimates. A side effect of the procedure is

that all seasonality in the data is eliminated and that ar-

eas incorrectly classified as evergreen broadleaf will have

high NDVI values throughout the year. The procedure
does provide an overall improvement in that it dimin-
ishes the number of outliers, especially in very cloudy

areas. We have no real alternative approach until higher-

resolution, multi-year datasets become available in which

cloud-contaminated data can be identified and discarded

and water vapor corrections applied.

Errors m the low end of the NDVI. e.g., as a result

of variations in the reflective properties of the soil back-

ground, are diminished when transforming the NDVI into
S R. This is because the transformation tends to compress
the lower values of the NDVI. whereas the higher values

become stretched. Errors m the NDVI at the low end

will therefore have little impact on SB and hence FPAt/

values.

Relationships between the NDVI and biophysical pa-
rameters have been established mainly from in situ stud-

ies involving individual plant species and high resolution
radiometric data. Recently, a number of studies have fo-

cused on the extrapolation of the relationship between
FPAR and St/from the plot-scale (a few meters) to in-

termediate spatial scales on the order of 100 m; to 15

km; (Sellers et al. 1992b_. The results suppor_ a near-
linear relationship between SR and biophysical properties,

and by inference FPAR. over this range of spatial scales

(Hall et al. 1992). The near-linear properties of the SR
- FPAR relationship combined with assumptions on the

occurrence of minimum and maximum vegetation activ-

ity has encouraged us to calculate global fields of FPAR:
total leaf area index. LT; and canopy greenness fraction.

(D

O

i
v

x

g

o

FASIR
.... FAS

FA
...... NDVI
........... GVI

° --

-40 -20 0 20 40 60 80
Latitude

Figure D.13: Effect of Fourier-wave adjustment, Solar zenith
angle correction. Interpolation, and Reconstruction on the

global NDVI averaged by latitude for the month of July 1987.
The Global Vegetation ]ndex /GVD product (Tarpley et al.
198,{) is shown for comparison (lowest curve). Averages for
each of the products were calculated with missing values set to

zero: see text for discussion.

N. from the satellite data. It is doubtful that the near-

linearity of the FPAR-SR relationship holds for all land-
cover classes and soil backgrounds; it has been suggested

that for some cases, e.g., bright soil backgrounds, the re-
lation between FPAR and NDVI may be more linear than

the relationship between FPAR and SR (Choudhury 1987,

Goward and Huemmrich 1992). Because of the dark soil

background assumption, we expect our FPAR estimates
to be less reliable for intermediate NDVI values over areas

with a bright soil background. For high and low NDVI

values we still expect our estimates to be reasonable since

the effect of non-linearities should be small close to the

end points to which _he SR-FPAR relationship was tied.
Because f PAR is critical to calculations of vegetation ac-

tivity, further research is needed to establish a more accu-
rate relationship between FPAR and vegetation indices.

We have more confidence in the estimates of FPAR

than LT. However. we have seen that the essential sur-

face properties are near-linearly related to FPAR rather

than LT, which is used only as an intermediate variable.
Therefore our uncertainties in albedo, surface roughness,

canopy conductance, and photosynthesis seem to scale di-

rectly with the errors in the NDVI (SR) and FPAR rather

than with the errors in the estimation of Lr.

To obtain improved parameter fields over the ones de-

scribed in this paper, a number of items need to be ad-

dressed. In the first place, the source satellite dataset

could be improved by incorporating individual cha nne/

data that are corrected for scattering by atmospheriC
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Figure D.14: Average NDVI values by biome for the entire
year of 1987 with the subsequent FASIR corrections [Fourier-
wave adjustment. Solar zenith angle correction Interpolation,
and Reconstruction) shown for comparison. Missing values

were set to zero pmor to averaging. See teat for discussion.

aerosols and molecules, absorption by aunospheric wa-

ter vapor and ozone, cloud contamination, and off-nadir

viewing and solar zenith angle geometry. Studies are un-
derway to obtain an improved spectral vegetation dataset

in which many of these problems are addressed. Further

improvements could be expected from future remote sens-

ing devices, such as the MODerate resolution Imaging
Spectroradiometer (MODIS). that are designed specifi-

cally to address vegetation monitoring. Second. proce-
dures for deriving biophysical parameter fields fl'om the

NDVI could also be tmproved. The results from algo-

rithm development studies reported in Sellers and Hall

t1992) could be taken further, particularly by address-

ing variations due to different vegetation types and soil

backgrounds. A third area in which improvements can be
made is in the landcover classification used for stratify-

ing vegetation types. A classification based on satellite-
derived biophysical parameters, e.g., surface reflectance

and FPAR, rather than on a set of inconsistently speci-
fied landcover classes, is greatly preferred.

Although the FASIR-NDVI and the relationships used

to derive global fields of FPAR and L:r have serious limi-

tations, much was gained over previous attempts to spec-

ify global surface parameter fields, e.g. Dorman and Sell-

ers (1989). Most important, it has become possible to
address realistically the spatial and temporal variability

of landsurface parameters within a climate model.

The NOAA - global vegetation index (GVI) dataset

(Tarpley et al. 1984) was considered as an alternative
data source for this work but was thought to be less suit-

able for our purposes, despite the availability of compo-
nent channel data retained with the GVI composites. As

described by Gutman _1991}. the GVI data tend to be
lower than the NDVI because (1) they are not normMized

for incoming solar radiation in the respective bands, and

(2) because the GVI eompositing technique has a strong
bias to selecting data from the extreme baekscatter direc-

tion t40 ° - 500 off-nadir). Figure D.14 shows a compari-

son of the global zonal averages of the GVI, NDVI, and
FASIR-NDVI data for the month of July 1987. The GVI

values are lower overall because the component channel

values were nor normalized for the solar flux in the vis-

ible and near-infrared bands. In addition the GVI and

NDVI differ significantly at latitudes below 20 o South,

although to a lesser extent an overall discrepancy in sig-
nature can be found in the entire Southern Hemisphere.

The difference in signal here is most likely explained by
the different viewing angies associated with the NDVI and

GVI .i.e.. near forward-scatter and extreme backscatter,

respectively. This bias becomes more significant for large
solar zenith angles, up to a point where the entire signal

from the land surface is lost both in the GVI as well as

in its concurrent channels 1 and 2 data. Goward et al.

(1994) therefore assign GVI data fl'om solar zenith an-

gles larger than 700 as spm-ious: however, it is likely that
GVI data collected at much smaller solar zenith angles

are affected as well.

D.IO Conclusion

The revised Simple Biosphere model, SiB2, of Sellers et al.

1996at has a far smaller core set of parameters than the

original SiB1 of Sellers et al. 11986). This is due to some

simplification (reduction to a single layer of vegetation, in-
corporation of a much simpler soil moisture stress model)
and the use of a more realistic and universal formulation

to describe canopy conductance and photosynthesis. The
latter was not done in SiB1 at all. In SiB1, the pheno-

logically varying vegetation properties (LT and N) were

prescribed by vegetation type and month; in the case of

croplands, a complex procedure was used to describe their
seasonal and latitudinal variations (Dorman and Sellers

1989). In SiB2 all of the time and space variations in LT,
N, and FPAR are calculated from the satellite dataset.
In summary, the SiB2 dataset has the following benefits

over that of SiB1 as written up in Dorman and Sellers

(1989):

1. Realistic time-space variations in FPAR, LT, and

N,

2. Realistic tirae-space variations in products derived

Dora FPAR, LT, and N, principally the surface re-

flectances, surface turbulent transfer characteristics

(zo, d, C1, C2), and surface biophysical parameters,

3. Improved soil reflectance fields, partially derived
fl'om ERBE data. This yields better albedo fields
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m the world's desert and arid zones,

4. Improved soil physical properties fields: Global soil

texture information is used rather than assigning
soil properties by landcover type,

5. Direct use of parameter fields: In SiB1, parameters

were accessed through vegetation type. In SiB2,

parameter fields are generated off-line and accessed
directly from within the GCM. This will allow aver-

aging of properties within the GCM grids from the
original 1° by 1° data in future work, and leaves

the way open for using finer resolution datasets if

necessary.

Finally, a note on the effects of uncertainties in the

FASIR-NDVI data on the accuracy of the parameter fields

used in SiB2 It was shown in previous sections that er-

rors or uncertainties in the NDVI will translate approxi-

mately linearly into errors or uncertainties in FPAR, re-

flectance, conductance, photosynthesis, and thus evap-

otranspiration However, the errors in leaf area index.

LT, are likely to be proportionally far worse due to the

generally exponential dependence of green leaf area in-
dex (NLT) on FPAR. In a sense, this does not matter

too much. as canopy reflectance, transpiration, and pho-

tosynthesis appear to be near-linearly related to FPAR

and the Simple Ratio vegetation index (a transform of

the NDVI), and only secondarily and non-linearly on leaf
area index.
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E..1. /,!I(;['RE,S WITH CItAPTER 2

E.1 Figures With Chapter 2

Figure l_.1: Global I c bg l _ monthly mean normalized difference vegetatwn lade'a" (NDVI) tar 1992 1990. Bh, c ,n(h(at<._

miss,n.g data. for the most part occ_rmng in the oce'on.s an.d snow-covered areas in the' No.rthern Hemr_phere d_mng w_nte'r. (top]

Ulobal 1_ bg 1° me'an to* Januorg. /botl.om) Global 1° bg 1 ° mean for July.
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E.2. FIGURES WITH CHAPTER 9

E.2 Figures With Chapter 9

Figure E.2: Pixel-by-pixel eovariances of NDV] and sea suT:faee temperature {SST) anomalies

with the _ynthetic.factor loadings of figures 9.2.a and 9.2.c reveal patterns of SST warming und

cooling contiguous with land areas of increased and decreased ND VI. ND VI and SST data were

sealed by the standard deviation of their respective total pop,dations. Note that fo7" this figure

the entir_ dataset is used. A spatial 3 by 3 median filter was used to suppress noise. (see fig,we

9.3 for a more detailed description/.
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E.2. FIGL R ,5 WITH CIIAPTEB 9

[,'igure E.3: (a) pi:rel-by-pixel cocre'lal.ions be'twecl7 NDVI a._omaly, a_d lands_tfJace air" te.mpe'ratz*re al_omaly ti_7_e'-.se'cie's. (b)

pixe'l-b_j-pixd cocre'latior*s betwe'e'a. NDVI at, d rainJbll a_7.omal'g time-.series. Air tem.peralzwe' a_d precipitatio_ data we're e'aqrap-

olatcd to the spatial resol_tia_, of the 10 bg 1 _ NDVI data by .,.si_g o_e" valtte for each .50 by .5o wil_.dow. A 3 by 3 mecliatz filte'r

a,as tt._e'd to s,_ppre'ss _zozse'. Nttmbers re fe'r to re'gior*s i_.t, estigated ia more de.tail in figttre 9.6".
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E.3. FIGURES WITH APPENDIX C

E.3 Figures With Appendix C

Figure E.4: Normalized difference vegetation index images for February and August 1987.
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-_ r fE.3. FIG[_RE5 WITH APPENDIX C

Figure E.5: (a) Average of monthly normalized difference vegeta,tion index datasets for tile entire period 1982 1990.

Missing va,lues are set, to zero. (b) C,oefficient of variation %1' the sa,me period.
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E.3. FIGURES V_.qTH APPENDIX C

Figure E.6: (a.) Average spatial sta.ndaxd deviation and (b/ r.emporal s_anda.rd devia.tion of the spat.ia.1 sta.nda.rd
devia.t.ion over the landsurface in 1 ° by 1( cells from ea.ch month of 1987. The tempora.1 standard deviation of the

spasia.1 st anda.rd deviation indicates how spatial varia tion changes over time., e.g., from heterogeneous during the wet

season t.o homogeneous during the dry sea.son.
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E.4 Figures With Appendix D

E.4. FIGURES _/VITtI APPENDIX D

lxl

4x5

Figure E.7:SiB2 global landco.ver classification derived from. the Matthews (19_3) and Kz_chler

(1983) 10 bg I° landcover datasets and the Matthews landuse dataset (Matthews 198/_), with mod-

ifications from Collatz et al. 1998). Data are also shown at _° by 50 resolution as _sed by the
SiB2-(_'UM in Randall et al. (19961.
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E.4. FIGURES WITH APPENDIX D

I xl 4x5 ....-I

, ¢';:.'-_aB::i:_:i ,_'::?..::::::'_:' N"::::::_::'-i:;:;::: gi:i:i:i:i:i* 4 "m.. '

' "- " 'I _ "_.----_-_'---'-'-

0 80 160 240 320 400 480 560 640 720

Figure E.8: FA,5'IR-NDVI ,values ore' m.ul_tplied with 1000_ for to/ .lam_arg 1987 a_d (b) ,hdg 1987,
C_onzl)art.so_ with the NOV[ data pt_bli.sl_ed bg Los et ol. ,199_) .d_.ow.s overall .,ncre.scd val'ue's ,for green
biota< tgl)eS chafing the'it growzng seaso_ (figure D.I:31. For the wml, e_ NDVI data from everwee_) _eedlcleaf

biome fypes ore r'estored by the IMe.rpolation II of FA,5'I_) procedure.
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E.4. FIGURES WITH APPENDIX D

January

_iggiiiiiiiigiiiiiiiii _i_i_iiiiiii!iiiii!ii!iiiii__

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure E.9: Uloba/ fields oj FPAR tar Jal, uar_l arid J_d_l 19(_7 calendared from

the FAS[I_-ATD V[ data i see tel:rt for di._c_lssiol_ I.
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E.4. FIG[RES WITII APPENDIX D

4_

January

0 1 2 3 4 5 6 7 8

Figure E.10: (;Iobal fields of total leaf area index [LT ) tot Jan_tary and J_,l_j as specified

for the or*gin.al S'iBI n_odcl of Sellers ¢t al. _198(J). The LT fields were assiftn.ed as

m.onthl_-varym.9 valises .for each vegetatior_ l._pe _witb a six-month phase chan.ge for the

Sottthern Hemisphere), see Dorman arid ,qellevs _19891 for details.
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E.4. FIGURES WITH APPENDIX D

_._a_j_ -_----_ __
January

0 1 2 3 4 5 6 7 8

Figure E.11: Global field._ oJ leaf areu index iL'l') for January and July 19(_7 as ca/cu-
9 9lated.from the FASIR-NDVI dat(iset ¢equations (D.25), tD.m_), and ,D.29), _e_ /e'xt for

discussion/.
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Figure E.12: Soil texture map adapted from Zoble_" et al. (1986) who processed Food

and Agricultural Organizatiot_ data to create their map. The classes and associated
parameters are defined in Table D.6.
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E..Z FIGURES WITII APPENDIX D

Visible "_'__J_

Near IR _'___

Iiiiiiiiiiiiiiiiiiii7Iiii!i!iiii ii!! iiii i  iiiiii iii ii iii!iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiiiiiiiiiiii iii iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 
4 8 12 16 20 24 28 32 36 40

Figure E.13: ,%zow-frce back qround soil/grou_zd reflectance values i_i percentages derived

from. _,egetaliot_ clct.ssifi(.cttiol_ informcttio_z a_d ERBE data, ._ee text.
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E.4. FIGURES WITH APPENDIX D

January _'Jz-.J__._

July " " " .

IBBmBmR_I i_:..'_._? _ iii;;iiii;iiiiii;iiiiiiiiiiii

4 8 12 16 20 24 28 32 36 40

Figure E. 14: (a) January and (b) July ._now-.free clear-sky albedo in percentages produced

by an off-line SiB2 calculation following the procedure shown i_ figt_re E.13.
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'7 "E.i. FIG[ RE,S WITH APPENDIX D

0 0.1 0.2 0.4 0.6 1.0 1.5 2.0 2.8

Figure E.15: (c_) Jctnuctry and (b) July snow-free roughness lengths (m) produced by ,5'iB2.
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January'-_-_-_J_J_'__

July --_

=====================================:::::::: ::::: :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

0 0.25 0.5 0.75; 1.0

t"igure E. 16: (a) Januar_j a_,d (b) J_,l_jfields of the ccmopu PAR use pcu'ameter 17produced
b_j ,5'i132.
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